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Abstract 
 
A new specimen design for determining the compression strength of thick 
unidirectional laminate composites has been developed using finite element 
simulations and validated by experimental testing. The computational models 
included parts of the testing fixture. The materials used for experiments were 
carbon fibre/epoxy T300/914 from Hexcel Composites and IM7/8552. 
 
An understanding has been developed to explain why, using the standard, parallel 
sided design, for testing specimens in compression and using the ICSTM fixture, 
specimens using a laminate thicker than 2 mm do not fail in an acceptable way. 
 
Initially, simulation and experimental parametric studies were carried out to 
investigate the effects of loading and design conditions on the fixture and specimen 
in order to change the stress distribution in the 2 mm thick, parallel sided, 10 mm x 
10 mm gauge section specimen. In addition, in order to optimise the specimen itself, 
different adhesives for bonding end tabs to the laminate were investigated, as were 
the end tab design and material used in their manufacture.  
 
Subsequent simulations showed that the use of an extended and waisted gauge 
length of either circular or s-shaped profile both caused thick laminate specimens to 
fail close to the centre of the gauge length. The predicted strength being similar to 
that measured for a 2 mm thick, parallel sided specimen using the optimised design. 
Experimental compression strength data from thick laminate specimens with the 
circular and s-shaped profiles machined into the gauge section validated the finite 
element results; the strengths achieved being almost identical to those for the 2mm 
thick laminates. 
 
Results from the analysis of the standard design and some preliminary work on the 
waisted design were presented at a conference [52]. Results for further work on the 
waisted design and experimental details have been reported in [51] and [75].   
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1. : Introduction 
 
1.1. Motivations 
 
The compression strength of laminated composites is an important material property 
as structures are commonly subject to compression loads. Compression loading is 
usually in combination with other loads including shear and tension, and also multi 
axial loads. Since the compression strength is invariably lower than that recorded in 
tension, owing to differences in failure mode, compression failure becomes a critical 
parameter. It is important to use accurate compression strength values so that efficient 
structural designs are possible. Usually the compression strength of unidirectional 
composite laminates is the most useful compared to other lay-up designs because 
there are fewer structural effects influencing the measured strength and no back-out 
factor is required. 
 
Thick section laminate composites are becoming more widely used in industry for 
primary structural applications. They are being implemented in both military and 
commercial aircraft, wind turbines, sporting equipment, ships, road vehicles and 
spacecraft. Current applications also include joints and load insertion fittings to 
replace metallic structures in aircraft. 
 
In civil aircraft, the A380 central wing box (wing-to-fuselage junction) measures 7m 
by 6m by 2m and uses CFRP for segments of unusually high wall thicknesses of up to 
45 mm thick including the forward, centre and aft spars and both of the double-layer 
upper and lower panels [i]. The wing box uses 60% CFRP to provide a weight saving 
of up to one and a half tonnes compared to the most advanced aluminium alloys [ii]. 
The general aviation Cessna 350 design uses wings which are a one piece assembly 
with a dual carry-through spar. Each spar carries an upper and lower spar cap built up 
from unidirectional carbon prepreg strips; the upper spar caps, which are in 
compression during flight, taper from approximately 135 plies (16.9 mm thick) of 
unidirectional carbon prepreg at the root [iii]. 
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Thick CFRP is also used for marine vehicles. Composites offer several advantages in 
hull applications including stealth, lower total ownership cost, weight reduction 
resulting in the use of a smaller lighter engine, prevention of galvanic corrosion that 
occurs when aluminium hulls are combined with other marine metals including steels. 
The Quadski, designed for both land and water, has an upper deck which uses a solid 
laminate design using glass fabrics and has a total thickness of 35 cm [iv]. Mirabella, 
the world’s largest composite ship (2009) and largest single masted sailing yacht has a 
hull outer skin thickness of 7 mm [v]. 
 
Thick composites are also used for ballistic protection in upper hulls and body sides 
of armoured vehicles which are of interest to the U.S. Army, in particular the 
Composites Armoured vehicle, CAV [vi]. Wind turbine rotor blades which can vary 
in thickness from 100 mm at the root to 1.5 mm at the tip use carbon fibre composites 
for the walls [vii]. These offer several advantages over traditionally used glass in 
blade applications including higher modulus, lower density, higher tensile strength 
and reduced fatigue sensitivity. Thick composites are also used in bridges. The Eight 
Mile Bridge in Ohio, USA, uses a 12.5 mm thick multi-axial fibreglass skin which is 
wrapped around panel and beam structures [viii]. 
 
Currently, when tested in compression, thick composite laminate specimens of a 
thickness greater than 2 mm do not fail in the correct location using the ICSTM 
fixture (See section 2.1.7 Literature Review: Existing Compression Fixtures, ICSTM). 
This means that strength results are not valid for specimens thicker than 2 mm. Since 
the specimens fail prematurely, the measured strengths are lower compared to a 2 mm 
thick laminate specimen, see Figure 1-1. The problem of determining the compression 
strength of thick specimens is not limited to tests conducted at Imperial College 
London. A study conducted at NPL [107] for UD T700/epoxy followed standard EN 
ISO 14126 compared the compression strength of thin (2mm thick) and thick 
specimens (20 mm thick), also using the ICSTM fixture. The results for the thick 
specimens showed a 25% reduction in modulus and 52% reduction in strength 
compared to the thin specimens. End failures and within tab failures were encountered. 
During the design process the compression strength of thick laminate composites 
therefore needs to be underestimated for safety reasons and thus the design is not 
efficient. 
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Figure 1-1: Measured compression strength for different laminate thicknesses for 
T300/914– the data for laminates thicker than 2 mm are only apparent results. This 
means that the failure modes were not valid (see Appendix 1) [119] 
 
 
1.2 Objectives 
 
The aim of this investigation is to understand the reason behind the invalid failure of 
thick composites in compression and to develop an improved specimen design in 
order to determine the true compression strength of thick composite laminates. The 
design should ensure a uniform, pure axial compression stress in a parallel sided 
gauge section, failure in a valid failure mode within the gauge section and should 
provide sufficient space for strain gauges in the gauge section in order to determine 
the Young’s Modulus.  
 
Both linear finite element (FE) analysis and experimental investigation are used in the 
development process to meet the objectives. FE work is required because the resulting 
stresses in the specimen are three dimensional and so require complex analysis which 
cannot be made using theoretical developments. The fixture is to be included in the 
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computational analysis in order to examine the effects of the fixture and obtain 
accurate results.  
1.3 Outline of the Thesis 
 
Chapter 2 is a literature review discussing different fixtures available and compares 
the data obtained using them for different laminate thicknesses. Existing specimen 
designs are also discussed as well as failure modes and the effects of defects. The 
originality is that fixtures for both thin and thick specimens are considered.  
 
Chapter 3 discusses results for 2 mm and 10 mm thick laminate specimens for the 
standard design for both FE analyses and experimental data. The loading method and 
boundary conditions in the FE work is given in detail. An understanding of the non 
valid failure of thick specimens is developed. The originality is that parts of the 
fixture are included in the FE analyses. 
 
Chapter 4 investigates the effect of imperfections, including specimen and fixture 
imperfections. An analysis of the fibre volume fraction results is also included.  
 
Chapter 5 presents results from a parametric study, investigating possible different 
specimen designs to change the stress distribution in the specimen and provide valid 
strength data for the thick specimen. Both experimental and FE work are included and 
explanations are provided for the data. The originality is that different designs are 
considered for thick specimens and modifications to the ICSTM are considered. 
 
Chapter 6 investigates waisted profile designs, which are initially developed from a 
circular profile. Both experimental and FE data are collected and explanations are 
provided for the data. Thicknesses investigated include 2 mm, 6 mm and 10 mm. The 
originality is that different and unique waisted profile designs are considered. 
 
Chapter 7 provides conclusions for the project and includes recommendations for 
further work. 
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2. : Literature Review 
 
2.1 Existing Compression Fixtures 
 
There are several fixtures which have been developed for measuring the UD 
longitudinal compression strength of thin composite laminates. More recently, fixtures 
for testing thick composites have also become of interest. Compression testing is one 
of the most difficult tests in composites characterisation testing due to the difficulty in 
obtaining a valid failure and avoiding non valid failure modes including end crushing, 
delamination of the end tab, failure outside the gauge section and global buckling (see 
Appendix 1 for failure identification guidelines). 
 
At the laminate scale, the compression fixture can influence the compression strength 
due to the method of load application, fixture-specimen interaction and specimen 
alignment. The ease of use of the fixture is also an important consideration when 
choosing a fixture.  
 
The different methods for testing a specimen in compression are end loading, shear 
loading, combined end and shear loading, and sandwich beam four point bend loading. 
When considering loading techniques and fixtures one needs to consider stress 
concentrations in the specimen and test invalidation, premature specimen failure, ease 
of use and set-up, reproducibility of data, providing a true representation of the 
compression strength and capability of giving reliable results for a range of composite 
systems and thicknesses. 
 
2.1.1 Celanese 
 
The Celanese fixture [70, 87] was one of the first to be developed in which the 
compressive loading of specimens is introduced by shear and is specified in the 
ASTM D3410 standard [3]. The method is also specified in a slightly modified form 
by the German standard DIN 29971 [5]. The specimen is held in conical wedge grips 
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which are accommodated in tapered sleeves (refer to Figure 2-1). An outer cylinder 
maintains alignment of the parts. When the load is applied to the sleeves, it will be 
transmitted to the specimen by shear through friction between the specimen and the 
grips. 
 
Figure 2-1: Cross-section of the Celanese fixture [3] 
 
 
One of its main limitations is that it is not suitable for testing tabbed specimens with 
an overall thickness greater than 4 mm [87]. Normally, surface contact is produced 
between the conical mating surface grips and the specimen. Instead, for the 4 mm 
thick specimen, contact occurs along a pair of lines on the opposite sides of the 
specimens at each end of the specimen. This eventually results in high frictional 
stresses. In experiments made by Lamothe and Nunes [87], slippage of specimens in 
the fixture occurred at loads of approximately 40% of typically recorded failure loads. 
This is not an uncommon problem amongst other literature reviewed and causes 
uncharacteristically low strength values to be obtained. 
 
A comparison of different test methods made by Haeberle [70] showed that transverse 
forces as experienced by the test piece in the Celanese rig could cause additional 
curvature of surface fibres near the tab edge, resulting in premature failure of the 
specimen. 
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2.1.2 IITRI (Illinois Institute of Technology Research Institute) 
 
The IITRI fixture [9, 16, 87, 100] developed in 1977 is an ASTM test method for 
compressive properties of unidirectional and crossply fibre-resin composites (D 3410 
procedure B [3]), and is one of the most widely used fixtures. 
 
The fixture loads specimens in shear and has a fundamental modification of the 
Celanese fixture. Trapezoidal tapered wedge grips instead of conical are used to apply 
the loads to end tabs (refer to Figure 2-2). Tapering allows specimens of different 
thicknesses to be easily accommodated and ensures plane contact between the mating 
surfaces. The specimen is bolted transversely to the fixture. Lateral alignment of the 
upper and lower part of the fixture is made by a guidance system consisting of two 
parallel roller bushings in the upper half of the fixture and corresponding shafts in the 
lower half of the fixture. The fixture can test specimens with overall tabbed 
thicknesses of 1.5 mm to 12.7 mm. Specimen geometry follows ASTM D 3410 
standards. 
 
Figure 2-2: Cross-section of the IITRI fixture [3] 
 
 
Its main disadvantage is the total weight of the fixture being 25.5 kg which reduces 
ease of use quite significantly. Also, due to its large size it is costly to fabricate. An 
investigation by Lamothe and Nunes [87] reported buckling instability which is not a 
valid failure mode for obtaining credible compression strength results. Much 
comparative research has been done in investigating which method produces the best 
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results overall, the IITRI fixture being one which is commonly included in such 
investigations. This will be discussed in section 2.2.1 Comparison of Fixtures: 
Comparison of Data for different Test Methods. 
 
 
2.1.3 ASTM D695 
 
The ASTM D695 fixture [39] was originally designed for unreinforced plastics, but 
has been taken up as a standard for end loading with a modification to the specimen. It 
combines features of the Celanese and IITRI jigs. The fixture consists of two of the I-
shaped lateral supports shown in Figure 2-3 [35]. They are held together by four bolts, 
with the test specimen sandwiched in between. The assembly is placed upright 
between flat loading platens of a testing machine and a compressive load is applied 
directly to the ends of the specimen. There is also a modified ASTM D 695 version [7] 
which is used by Boeing Aircraft Corporation. The ASTM D 695 specimen is dog 
boned, the enlarged ends being provided to increase the bearing area and hence 
eliminate end crushing. A specimen with a gauge length of 3.8 mm is purely end 
loaded. This specimen has a width of 20 mm and an overall length of 79 mm.  
 
The fixture is simple thus cheap and easy to handle. As specified in the standard, the 
ASTM D 695 fixture, due to direct end loading method, is not suitable for high 
strength composites. The low transverse and interlaminar strength of such composites 
cause the specimen to fail by end crushing. 
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Figure 2-3: ASTM D695 specimen and fixture [35] 
 
2.1.4 DTRC (David Taylor Research Centre) 
 
The DTRC fixture [34] was developed by Camponeschi in 1991 at the David Taylor 
Research Centre and applies the combined end and shear loading principle to test 
thicker specimens. It is capable of testing composites up to 25.4 mm thick and allows 
thick-section testing capability beginning at 6.4 mm. The fixture design is similar to 
one used by Irion and Adams [10] for testing 2.5 mm thick specimens. Load is applied 
to the ends of the specimen and clamping blocks are used to provide stability and 
prevent end-brooming (refer to Figure 2-4). A hardened steel plate is inserted between 
both ends of the specimen and the test machine crosshead platens as a load bearing 
surface. A self aligning spherical seat is placed between one end of the specimen and 
the load machine to assist in aligning the specimen axis and the loading axis. Different 
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clamping bolt torque is applied depending upon specimen thickness, with torque 
increasing with thickness. End tabs with no taper at the gauge section are used. The 
width and gauge length are determined from the specimen thickness. 
 
 
Figure 2-4: Cross-section of the DTRC fixture [33] 
 
 
Camponeschi found that the strength of multidirectional specimens was very sensitive 
to thickness in tests conducted on coupons up to 12.7 mm thick. The [0/0/90]ns 
AS4/3501-6 laminates tested showed a decrease in strength of 14% in going from 6.4 
mm to 12.7 mm and a drop of 6% in going from 12.7 mm to 25.4 mm. The failure 
locations for thick laminates occurred at tab termination sections. For unidirectional 
specimens of AS4/epoxy, failures for 48 ply (6 mm thick) and 96 ply (12 mm thick) 
specimens occurred at the ends of specimens at the load introduction point, which is 
classified as a non-valid failure mode. 
 
 
2.1.5 NU (Northwestern University) 
 
The NU fixture [46] was developed in 1993 in order to test thick composites. By 
comparison with other test methods, this fixture produces the highest compressive 
strength results reported to date for thick composites. It is estimated that the present 
fixture could successfully test laminates up to 100 plies thick, upon further work. It 
can currently successfully test specimens of a thickness of up to 72 plies (9 mm thick). 
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The NU fixture is a modified IITRI fixture which incorporates both shear and end 
loading. Initial shear load is transmitted through end tabs and thereafter ends are 
engaged to apply additional load (up to 25%) by end loading. It consists of two steel 
blocks with machined cavities into which trapezoidal wedges are placed (refer to 
Figure 2-5). There are two pairs of trapezoidal wedges which grip the specimen to 
prevent slippage; these are bolted, using wedge screw bolts, onto the tabbed section of 
the specimen which is aligned inside matching grooves machined in the wedges. 
Moderate torque on the wedge screw bolts is necessary in order to prevent slipping of 
the specimen inside the wedge grips during testing.  
 
The specimen-wedge assembly is placed into the cavity of the lower block, and the 
lower block is raised until the specimen begins to be loaded in compression. The 
wedges also provide restraint against buckling. During the shear loading stage, these 
wedges move into the cavities to load the specimen. A slot is built at the base of the 
fixture to allow the end-loading engagement during the test by inserting steel shims.  
 
Different sets of grips are necessary for the range of specimen thicknesses. The tabbed 
section of the specimen is not fully gripped inside the wedge grips, as the tabs extend 
for a short distance beyond the wedge grips. The lateral alignment of the top and 
bottom halves of this fixture is assured by a guide system consisting of linear bearings 
and two hardened guide rods. 
 
Glass/epoxy end tabs as well as steel endcaps which are glued at both ends of the 
specimen, are used to prevent premature crushing or longitudinal splitting near the 
specimen ends. The dimensions of these end tabs vary according to the combined 
specimen and tab cross section, and the desired gaps between the wedges and the cap 
and between the cap and the base of the fixture. 
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Figure 2-5: NU fixture [45] 
 
 
The testing procedure is not straightforward for a number of reasons. The test is 
awkward because optimal timing of the end-loading engagement is important as early 
end loading engagement may crush the specimen ends prematurely (but no specific 
information was given about what time the end loading should be applied) and late 
engagement may result in high stress concentration in the tabbed area. Also, end 
loading must be applied simultaneously at both ends of the specimen, and for thick 
specimens the cross head speed must be reduced for the end loading stage. Hence the 
compression stress at specimen failure is highly dependent upon how precisely the 
method is followed. In tests conducted by the designers [46], brooming failure near 
the end tabs was common. End crushing was also observed with just less than half of 
the specimens showing signs of it.  
 
 
2.1.6 Birmingham 
 
The Birmingham fixture [21] developed in 1987 applies mixed shear (20% of the total 
load) and end loading. A specimen with a waisted gauge section (if unidirectional), 
see Figure 2-7, is clamped within steel blocks. A non waisted specimen is used for 
multidirectional laminates, using a gauge length of 10 mm. The specimen is gripped 
over a 40 mm length by the side face clamps (see Figure 2-6). All surfaces of mutual 
contact between the jig and the specimen are smooth in order to prevent damage to the 
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specimen by gripping. The upper block is fixed within the die set but the lower block 
is not. A clamping torque of 15Nm is recommended; if this is exceeded then 
premature failure occurs at the grip edge. If the torque is much less, failure initiates 
within the grips. The load transferred through the side clamps is about 20% of the 
total failure load. The steel blocks are placed in a high precision die set which ensures 
axial loading.  
 
Figure 2-6: Photograph of Birmingham fixture in the die set [21] 
 
 
Figure 2-7: Unidirectional CFRP waisted specimen [21] 
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The specimen end is loaded directly and twenty percent of the load is transmitted by 
shear through the side face clamps. This small percentage of load is transferred 
through end tabs in order to prevent high transverse stresses, which are believed to 
cause additional curvature of fibres in layers near to the surface hence encouraging 
premature failure. By adjusting the torque on the clamping bolts the amount of shear 
can be varied. Mounting of the specimen is very simple. The recommended specimen 
thickness is 2 mm. The designers, Barker and Balasundaram [21] found that for 
slenderness ratios of less than 30 the compressive strength appears to tend to a 
constant value, which is believed to be a measure of the true strength with a 10% 
confidence level. Failures at end of gauge section are common. 
 
 
2.1.7 ICSTM 
 
The ICSTM fixture [70] is based on the Birmingham test method. This fixture uses a 
specimen configuration similar to the modified ASTM D695 specimen. The specimen 
is tabbed allowing a portion of the load to be transmitted by shear, thus lowering the 
average stresses at the end of the test piece. The end tabbed specimen has a 10 mm 
gauge length and is clamped in end blocks using clamping screws and loaded on its 
ends (see Figure 2-8). There is no adjustment for the 10 mm width of the test piece, 
which must fit snugly within the slot. The overall length of the specimen is 90 mm 
and the untapered end tabs are made from 1.7 mm thick woven 0/90˚ glass fibre 
reinforced plastic. The author developed a more uniform stress distribution in the 
specimen compared the Birmingham test method, and optimum gauge length to avoid 
global buckling.  
 
The clamping screws have specified torques of 5 Nm for the inner screw and 10 Nm 
for the outer screw; these values have been optimised to give the highest compression 
strengths when combined with end loading of the fixture. In a series of tests the 
influence of the torque on the ultimate compressive stress was determined. The bolt 
torque on the specimen end was held constant whereas the torque on the inner bolt 
was varied between 5 Nm and 30 Nm. For torques higher than 15 Nm a large drop in 
the compressive strength was apparent. 
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The two end blocks (or grips) which accommodate the specimen ends also prevent 
debonding of the tabs from the specimen end, shear failure of the end or compression 
failure under the tab. These problems are all common with the ASTM D695 method. 
Each of the grip blocks is assembled from two steel blocks which connect to each 
other with cap screws and aligned dowels. The whole fixture is placed in a four pillar 
high precision die set, thus ensuring good axial alignment and avoiding frictional and 
off axis loading. The lower grip is allowed to float on the lower platen of the die set, 
and is not attached to the lower plate of the die set, to avoid any possibility of bending 
of the test piece due to misalignment of the upper and lower grips. As shown in Figure 
2-8 the lower grip rests on a hardened steel plate, this avoids indentations of the 
loading surfaces by the test piece. The fixture is reliable and easy to use as mounting 
and demounting of the specimen is very simple. 
 
Figure 2-8: ICSTM fixture [70] 
 
 
Originally the specimen used in the fixture was a unidirectional specimen with 0˚/90˚ 
woven glass/epoxy end tabs which were not tapered. One of the major parameters 
which seemed to influence the compression strength result was the end tab-laminate 
interface. Hence, the test piece is prepared so that the end tab edge can debond easily 
and symmetrically using PTFE film in the tab tip region. This is done by covering part 
of the area under the end tab with PTFE film prior to bonding the end tabs on. This 
greatly reduces the stress concentration at the end of the gauge section and therefore 
increases the compressive strength obtained by up to 13%. The results indicated that 
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stress concentrations which cause premature failure of coupon specimens are reduced 
compared to other test methods. A comparative experimental study [71] found that the 
mean strength achieved for unidirectional XAS/914C with the ICSTM fixture was 
considerably higher than that obtained with IITRI, which was attributed to lower 
stress concentrations due to the added debonding (since the specimens have similar 
dimensions).  
 
The most recent specimen design to be used in this fixture is the unidirectional 
parallel sided reverse chamfered end tab design which has an adhesive fillet. The 
design reduces the stress concentration at the end of the end tab so that the specimen 
is more likely to fail in the centre of the gauge section instead of at the end of the 
gauge section. This typically measures higher compression strengths than a specimen 
using non tapered end tabs [106]. 
 
Figure 2-9: Reverse chamfered specimen 
 
 
2.1.8 University of Wyoming Combined Load Compression (CLC) 
 
In 1997 the University of Wyoming developed a modified version of the End-Load 
Side-Support (ELSS) test fixture known as the Combined Load Compression fixture 
[13]. The authors claim the fixture can accommodate specimens of "any reasonable 
thickness" such as up to 25 mm. 
 
The CLC fixture has alignment rods for the upper and lower blocks which the 
specimen fits between as well as linear bearings (see Figure 2-10). An untabbed 
[90/0]ns crossply test coupon is tested in uniaxial compression. The longitudinal 
modulus and strength of the 0° plies are determined by applying a back-out factor to 
the failure load since the laminate ply orientations are multidirectional, calculated 
using classical lamination theory. A different back-out factor was used for different 
laminate layups but no details were given of how the back out factor was calculated. 
The typical specimen is a simple rectangular coupon 140 mm long and 12.7 mm wide. 
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It is important that the ends of the specimen be machined parallel to each other, and 
perpendicular to the long axis of the strip, since the specimen is to be partially end 
loaded. 
 
The end blocks are each 63.5 mm long. The length of the specimen in excess of 127 
mm dictates the gauge length. A specimen gauge length of 12.7 mm is recommended 
since this is the minimum length the authors [13] consider to be convenient when 
mounting strain gauges. A shorter gauge length can be used if the strain is not to be 
monitored. Each of the four screws is torqued to 2.8 Nm, the bolts are tightened to this 
level in increments of 0.7 Nm using a diagonal pattern so that the test fixture would be 
uniformly clamped against the surface of the specimen. The surface of the fixture 
incorporates specimen gripping surfaces consisting of fine tungsten carbide particles 
in a nickel matrix. This permits the use of low clamping forces, important in reducing 
stress concentrations associated with clamping forces. 
 
Figure 2-10: CLC fixture [13] 
 
 
The fixture is not intended for use with untabbed specimens having more than 50% 
axially oriented (0˚) plies, requiring the use of a back-out factor. Higher than 
acceptable clamping forces are required to prevent end crushing of unidirectional 
composite specimens. These high clamping forces induce stress concentrations in the 
untabbed specimens that lead to premature failures. Another limitation, apart from the 
use of a back-out factor, is that there are currently 32 torque operations required to 
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install one test specimen in the CLC test fixture. No data is provided for the testing of 
thick composites thus any problems encountered in this area and the fixture’s 
capability are not known. 
 
For tests conducted using AS4/3501-6 carbon fibre epoxy cross-ply laminates using a 
layup of [90/0]6s the compression strength measured by the CLC fixture was 1896 
MPa, 14.3% less than the strength measured for the same system using the IITRI 
fixture, and 11.8% less than the strength measured for the same system using the 
modified D 695 fixture. A back out factor was used to determine the compression 
strength of a unidirectional laminate in each case. The gauge length used was 12.7 
mm for all the fixtures. The coefficient of variation of strength data for the CLC 
fixture was similar to that of the other fixtures. 
 
 
2.2 Comparison of Test Methods 
2.2.1 Comparison of Data for Different Fixtures 
 
The following data compares compression strengths measured by different fixtures for 
specimens from 2 mm to 12.7 mm thick of UD AS4/3501-6 carbon fibre epoxy 
(Figure 2-11) and for 2 mm thick specimens of UD XAS/914 carbon fibre epoxy 
(Figure 2-12). The data was collated using the references specified. 
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Figure 2-11: Ultimate Compression Strength of UD AS4/3501-6 carbon fibre epoxy 
for specimens of different thicknesses using different test fixtures 
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Figure 2-12: Ultimate Compression Strength of UD XAS/914 carbon fibre epoxy for 
specimens of 2 mm thickness using different test fixtures 
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The testing of unidirectional laminates is commonly chosen to compare the success of 
a fixture design, which is reflected in the data obtained from the references. 
Commonly tested systems are carbon epoxy and glass epoxy, although the data 
presented here concentrates mainly on one type of carbon system. It is evident that 
there is a large range in strength data for specimens of the same thickness and 
composite system depending on the fixture used (refer to Figure 2-12). For example, 
there is a difference in strength of 585 MPa between specimens tested in the ICSTM 
and IITRI fixtures for the same nominal thickness of specimen. The scatter of results 
obtained from different references also varies for the same fixture, for example the 
IITRI fixture in Figure 2-11. However this is for different thicknesses. 
 
For the unidirectional carbon fibre epoxy AS4/3501-6 system shown in Figure 2-11, 
data sets were found for four fixtures, of which the strength obtained with the CLC 
specimen of 2010 MPa (using a back out factor) was significantly higher than other 
coupon data. However, no data was found to suggest that the CLC fixture is capable 
of measuring valid results for specimens thicker than 3 mm. The lowest scatter with a 
coefficient of variation of 1.7% was also obtained with the CLC fixture. The NU 
fixture appears to be good at testing a range of thicknesses and measures the highest 
compression strength for thicker specimens. 
 
From Figure 2-12 it is clear that the ICSTM test fixture measures the highest 
compression strength of 1806 MPa, followed by the Birmingham method (1473 MPa). 
The lowest UCS was measured by the IITRI fixture. The specimens tested using the 
ASTM D695 fixture, Birmingham fixture and ICSTM fixture all had a low scatter. 
 
Overall, the ICSTM and Birmingham fixtures appear to provide the highest strength 
data for 2 mm thick coupons (refer to Figure 2-12). These fixtures both load 
specimens in combined shear and end loading and are also the only ones which use a 
high precision die set with a loading pin. This ensures that the specimen is loaded 
centrally.  
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2.2.2 Fixtures Designed for Thick Specimens 
 
The following table provides a summary of the loading method used by each fixture, 
the maximum thickness specimen each fixture can test and a brief outline of the 
specimen design. 
 
Table 2-1: Summary of loading method and basic specimen design for different test 
fixtures 
Fixture Shear Load 
End 
Load 
Combined 
Load 
Maximum specimen 
thickness allowable 
including end tabs 
(mm) 
Specimen Design 
Celanese X   4.1 
Coupon with tapered 
end tabs. Gauge 
length 12.7 mm. 
IITRI X   12.7 
Coupon with 
glass/epoxy end tabs, 
all with standard 13 
mm gauge length. 
Modified 
ASTM D695  X   
Coupon with end 
tabs. Gauge length 
of 10 mm, width of 
100 mm [13]. 
DTRC   X 25.4 
Coupon with end 
tabs. Gauge length 
dependent on 
thickness. Steel plate 
at both specimen 
ends. 
NU   X 9.0 
Coupon with end 
tabs and steel end 
caps. Gauge length 
(1)11.4mm 
(2)12.7mm 
(3)19.1mm 
Birmingham   X  
Waisted with 50mm 
radius, 13mm gauge 
length 
ICSTM   X 16.0 
Coupon with 0/90 
glass/epoxy end tabs. 
Gauge length 10mm. 
CLC fixture   X 25.0 Coupon, crossply [90/0]5s 
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As shown in Table 2-1, fixture designs using both combined loading designs and 
shear loading are currently used to test thick composite specimens, with combined 
loading methods being more commonly used. 
 
Table 2-2: Compression strength data for different composite systems obtained with 
different fixtures 
Fixture 
Average 
compression 
strength (MPa) 
Specimen 
thickness (mm) Composite Reference 
Celanese 1082 CV 9.1% 2 UD XAS/913 [6] 
Modified ASTM 
D 695 1198 CV 15.0% 2 UD XAS/913 [6] 
ICSTM 1500 733 
2 
8 UD 913 HTA [119] 
DTRC 
1076 CV 7.4% 
891 CV 7.6% 
842 CV 4.6% 
6.4 
12.7 
25.4 
AS4/3501-6 
[0/0/90]s [33] 
 
 
Table 2-2 provides further data for the trend of reducing compression strength with 
increasing specimen thickness in the case of the DTRC and ICSTM fixtures. The data 
for the modified ASTM D695 fixture showed significantly higher scatter than the 
Celanese and DTRC. The modified ASTM D695 fixture uses the same specimen as 
the ASTM D695 fixture; this specimen has a longer gauge section (38 mm) compared 
to the typical gauge length of 10 mm which may have caused greater scatter. 
 
There is also evidence by Xie and Adams [16] to suggest that for thick specimens, an 
end loading fixture measures the highest strength. Daniel et al. [46] note that as 
specimen thickness increases, a higher percentage of the load must be transmitted at 
the ends, thus increasing the chances of end crushing. The authors noted that for the 
NU fixture, a smaller portion of shear-loading from the total failure load is required as 
the specimen thickness increases. The NU fixture gives the highest strengths for 
specimens thicker than 2 mm (refer to Figure 2-11). In particular the strength of a 12 
mm thick specimen measured by the NU was 1593 MPa, only 5% lower than the 
strength measured for a 2 mm thick specimen using the same fixture (refer to Figure 
2-11). The NU fixture loads specimens in a combination of shear and end loading, so 
the strength data does not support the findings of Xie and Adams. The DTRC fixture 
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which applies end load to the specimen, measured a strength of 891 MPa for a 
multidirectional coupon 12.7 mm thick and a similar strength of 842 MPa for a 
multidirectional coupon with double the thickness (refer to Table 2-2). It is evident 
that at least almost equivalent strength data can be obtained with progressively thicker 
specimens without significant further strength reduction using the same fixture, 
although the DTRC results are notably lower than the values measured by the NU 
fixture. 
 
These fixtures which all provide data for a range of thicknesses show a small decline 
in compressive strength with increasing thickness. From the data presented, the NU 
fixture measures the smallest strength reduction with a reduction of 50 MPa when the 
thickness is doubled from 6 mm. The DTRC fixture shows a significant decline in 
strength of 180 MPa for specimen thickness increase from 6 mm to 12.7 mm. 
 
A three dimensional finite element analysis [16] showed that for a tabbed coupon, the 
end loading method was found to be superior to the shear loading method, particularly 
for thick composites. The specimens were 140 mm long, 6.35 mm wide with a gauge 
length of 12.7 mm. The end tabs were untapered with a thickness of 1.6mm. A 0.18 
mm thick adhesive layer between the tab and the specimen were also included in the 
model. Three different thicknesses of 2 mm, 6 mm and 10 mm were analysed. In 
modelling the end loading the compressive force was applied directly to the end of the 
specimen. AS4/3501-6 material properties were used for the composite and steel was 
used for the end tabs for the results discussed below. A Techkits A-12 epoxy was used 
to model the bond between the tabs and the specimen. 
 
The peak normalised axial and longitudinal shear stresses at the end of the end tab 
were lower for the end loading case for a 10 mm thick laminate by approximately 
26.7% and 38.2% respectively. The difference in the peak stresses for the different 
loading methods was more obvious for thicker specimens. However for the shear 
loaded specimen, through thickness normal force to represent the lateral supports was 
applied directly on the tab surface and the lateral supports were not included. This 
would have affected the accuracy of the results.  
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The end loading method yielded a less severe stress concentration at the tab 
termination points and a similar stress concentration at the outer ends of the specimen. 
This was confirmed experimentally using the IITRI to load in shear and the Wyoming 
End-Loaded Side-Supported (ELSS) method in end loading. Thicknesses of 1.1, 2.2 
and 4.2 mm were investigated experimentally. The measured strength reduced with 
increasing thickness, but this was more significant for specimens tested in shear. For 
thinner specimens, the difference between the end loading and shear loading was not 
very significant experimentally. It should be noted that for the ELSS method, one 
specimen in both the 2.2 mm and 4.2 mm thick specimen sets yielded extremely low 
compression strength and their results were not included in the analysis. It was found 
computationally that for 6 mm and 10 mm thicknesses, a uniform stress distribution 
was not obtained for the 12.7 mm gauge length. 
 
Gripple [68] investigated frictional effects between the specimen and the IITRI fixture 
with the use of sandpaper. The composite system was AS4/3501-6, laminates of 6.35 
mm and 1.60 mm thickness were tested. 100 grit sand paper tabs were bonded onto 
the gripped portions of the specimen. The study found that the absence of the 
sandpaper resulted in a disproportionate number of end failures at low strengths. The 
percentage of load transferred by shear was 48% without sandpaper and 25% in the 
presence of sandpaper. The sandpaper increased the frictional force between the 
fixture and the specimen and was found to eliminate the end failures at relatively low 
strengths; this was attributed to a reduction in stress concentration where the specimen 
exited the steel clamping blocks. 
 
2.2.3 Conclusions 
 
It is clear that there is no fixture currently available which is easy to use, implements 
an easily fabricated specimen, and provides reproducible and valid results in 
combination with measuring similar strength values for thin and thick specimens. The 
studies have shown that obtaining valid failure modes for even 2 mm thick specimens 
can be difficult with some fixtures, and that following the ASTM standard methods 
does not always produce reliable results. 
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The use of a compression jig which transfers the majority of load through the ends 
and a small amount, approximately 20%, through side faces ensures that failure in the 
gripped portion of the specimen is avoided and prevents end crushing and therefore 
premature failure. This method of load transfer is particularly suitable in fixtures 
designed to test thick composites because they are prone to end crushing. As well as 
the loading method, effective gripping of the specimen in shear loading which ensures 
efficient load transfer has also shown to be an important design consideration. The 
studies have shown that a specimen alignment system is required in order to measure 
reproducible strengths, reduce scatter and prove reliable results.  
 
 
2.3 The Effect of Specimen Design 
 
Specimen design options include the flat coupon, waisted gauge-section coupon, 
sandwich specimen, use of end tabs as well as a variety of geometric features and 
laminate designs. Important goal considerations in specimen design include ease of 
fabrication, efficient use of resources, producing the correct mode of failure, obtaining 
failure in the gauge length region, influence on data scatter, and techniques to reduce 
stress concentrations. For all specimen designs the edge and end faces of the specimen 
must be ground parallel and perpendicular in preparation for testing. 
 
2.3.1 Specimen Gauge Section Length 
 
The effect of varying the gauge length for thin composite laminate specimens has 
been investigated by researchers, for the standard 90° end tabbed design with a 
laminate approximately 2 mm thick and for laminates with thickness ranging from 2.5 
mm to 3.3 mm. The general trend shows a significant increase in compression 
strength with increasing the gauge length from 2.5 mm to 12.5 mm [70], [11]. For 
unidirectional carbon-fibre/epoxy laminates there is an average increase in 
compression strength of approximately 14.1% (refer to Table 2-3) for an increase in 
gauge length from 2.5 mm to 12.5 mm. This is likely to be due to a reduction in the 
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tab tip stress concentration as the length increases. Beyond a gauge length of 12.5 mm 
macro-buckling is often reported [70], [11]. For a 2 mm thick specimen an increase in 
gauge length beyond 10 mm appears to have an adverse effect, see Table 2-4. This is 
due to macro-buckling and the measured strengths beyond a gauge length of 10 mm 
are therefore not a true representation of the material strength. 
Table 2-3: Average increase in compression strength for composite laminates with a 
gauge length of 12.5 mm compared to 2.5 mm [11] 
 
 
Table 2-4: Average Compression Strength of XAS/914C of 2 mm thickness with non 
tapered end tabs for varying gauge lengths [70] 
Gauge 
length [mm] 
Average Compression 
Strength [MPa] CV % 
5 1584 9.0 
7 1577 8.0 
10 1617 8.6 
12 1536 5.8 
15 1491 3.7 
20 1188 2.9 
30 900 - 
50 472 - 
 
2.3.2 End Tab Material and Taper Angle 
 
Variables investigated include the effect of end tab material, tapering the end tabs and 
the effect of changing the taper angle [12, 15, 84]. The effect of including a debonded 
section at the end tab termination location is also considered. Materials commonly 
used for end tabs are glass-epoxy and steel.  
 
In a tapered end tab design the change in geometry means that there is a change in 
boundary conditions along the gauge section from “clamped” to “free” in the through 
Composite Nominal thickness [mm] 
Average increase in 
Compression Strength [%] CV % 
Carbon-
fibre/epoxy 
AS4/3501-6 UD 2.5 +16.8 5.4 
AS4/3501-6 UD 2.6 +11.4 7.6 
AS4/3501-6 Quasi 
isotropic 3.2 -8.9 3.8 
Glass-
fibre/epoxy S2/3501-6 UD 3.3 +17.2 8.8 
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thickness direction. This is because a small part of the end tab is not in contact with 
the fixture but is only in contact with the laminate gauge section. It means that there is 
less through-thickness expansion in the gauge section where the laminate is only in 
contact with the tapered part of the end tab compared to using a non tapered end tab. 
This makes the change in boundary conditions at the end of the gauge section more 
gradual. The change in geometry also means that at the end of the gauge section, 
where the laminate is in contact with the tapered part of the end tab, part of the load is 
still transferred by both shear and end loading, compared to a non tapered end tab 
where the load in that region would only be transferred longitudinally. This may allow 
the specimen to carry greater end load, since some of it will be transferred by shear.  
 
The predicted results collected in the different tables show little consensus on which 
end tab material contributes to a higher composite compression strength. In [84] the 
Tsai-Hill Criterion Factor was determined for models for a hypothetical failure strain. 
This value was normalised for each model against the standard case which used 
Aluminium end tabs which were not tapered. Part of the ICSTM specimen was 
modelled; the specimen was end loaded and the ICSTM fixture’s restraints were 
applied. Table 2-5 indicates that specimens with end tab materials which have a high 
compliance have a lower Tsai-Hill Criterion Factor than those with a low compliance. 
The study also found that material with high compliance had the lowest predicted 
shear stress and highest normal stress. 
 
Table 2-6 presents results from an FE study [15] used to determine the effect of the 
type of tabbing material on the stress distributions within a unidirectional composite 
specimen in compression. One quarter of the specimen was modelled and both shear 
and end loading were included where the ratio of shear and normal components of the 
applied forces acting on the specimen was 0.84. The clamping force due to lateral 
supports was modelled by applying a through-thickness normal force on the tab 
surface. End tab materials were assumed to be isotropic. Table 2-6 indicates that 
increasing the compliance reduces the peak stress concentration at the tab tip. A 12% 
reduction was obtained when the modulus of the tab material was decreased from 207 
to 34 GPa. It also suggests that reducing the end tab material modulus to less than 3.4 
GPa does not cause a further reduction in normalised peak axial compressive stress. 
Only a 0.5% reduction in the normalised peak axial stress was observed at the tab tip 
  28
of the unidirectional AS4/3501-6 composite as the elastic modulus of the tab material 
was decreased from 3.4 to 0.34 GPa. A more compliant material will allow more 
longitudinal displacement of the specimen in the clamped section. This means the 
change in longitudinal displacement between the clamped section and the gauge 
section will be smaller, so the peak stress concentration at the tab tip will be smaller. 
 
Table 2-7 shows experimental data from [15] measured using the IITRI compression 
fixture for 2 mm thick specimens with compressive strengths being normalised to 
60% fibre volume fraction to permit direct comparisons with analytical results. Table 
2-7 indicates that non-tapered steel and glass/epoxy end tabs measured the same 
compression strengths. Since the FE analysis predicted that more compliant tab 
materials produce a lower stress concentration at the tab tip the measured compression 
strength of the glass/epoxy tab configuration should be higher. Examination of the 
failure modes of the specimens showed that failure occurred at one or the other end of 
the gauge length for all specimen configurations. 
 
Table 2-5: Tsai- Hill Criterion Factor for an FEA study investigating T300/934 UD 2 
mm thick specimens with non-tapered end tabs [84] 
Tab material THCF Material stiffness 
E11 (GPa) 
GFRP 1.33 42.7 
Aluminium 1.00 70.0 
CFRP 0.96 140.8 
Steel 0.85 210.0 
 
Table 2-6: FEA normalised peak longitudinal stress results at tab tips for AS4/3501-6 
UD with different end tab material moduli for non-tapered end tabs for a laminate 
thickness of 2 mm [15] 
Material modulus [GPa] Normalised peak axial stress 
0.34 1.07 
3.40 1.07 
34.00 1.11 
207.00 1.25 
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Table 2-7: Experimental average compression strength for AS4/3501 UD with 
different end tab materials with non tapered end tabs for a laminate thickness of 2 mm 
[15] 
End tab material Average compression strength [MPa] 
Steel (panel 1) 1338 
Steel (panel 2) 1517 
Glass/epoxy 1517 
 
In Figure 2-13, the data for steel and glass/epoxy from [12] and [15] were measured 
using the IITRI fixture, no details were given about the specimen dimensions for 
specimens in [15]. Specimens in [12] were 124 mm long, 12.7 mm wide with a gauge 
section length of 12.7 mm. The experimental results shown in Figure 2-13 for 
AS4/3501-6 indicate that overall for the specimens in [12], the best results are 
achieved using steel end tabs with a 30° taper angle. Steel end tabs give better 
strength results compared to glass/epoxy end tabs for 30° tapered end tabs for 
specimens in both [12] and [15]. This contradicts the results presented in Table 2-5 
and Table 2-7. However, for the tapered specimens, the authors in [15] found that 
decreasing the taper angle for the glass/epoxy composite tabs to 30˚ caused buckling 
because the material has a lower stiffness than steel and could not provide enough 
lateral support of the specimen to prevent buckling whilst tapering increased the 
effective gauge length. For non-tapered end tabs using steel or glass/epoxy end tabs 
made no difference for specimens in [12]. Using glass/epoxy end tabs gave better 
results compared to using steel end tabs for specimens in [15] which agree with the 
results in Table 2-7.  
 
Figure 2-13 shows that for specimens in [12] which used steel end tabs, experimental 
strength results for 30° tapered end tabs are higher compared to using a taper of 90° 
(or no taper) but if glass/epoxy end tabs are used then non-tapered end tabs give a 
marginally higher strength result. Figure 2-13 indicates that for non tapered specimens 
in [15] compression strength results for the two materials follow a trend of an increase 
in strength with increasing compliance. It is not possible to make a reliable 
comparison between the compression strengths for [12] and [15] because although the 
same composite is used, they are from different batches and the manufacturing 
methods, which are not provided, may differ. The fibre volume fraction in [12] was 
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70% and the strength results in [15] were normalised for a fibre volume fraction of 
60%.  
 
 
Figure 2-13: Experimental average compression strength data for AS4/3501-6 UD 
with a thickness of 4 mm [12] and 2 mm [15] for different end tab materials and taper 
angles 
 
 
Table 2-8: FEA stress results at the tab tip for AS4/3501-6 UD with steel tabs with 
different taper angles for a 2 mm laminate thickness [15] 
Taper angle ° Normalised peak axial stress 
90/no taper 1.250 
20 1.125 
10 1.075 
7 1.060 
 
Table 2-9: Tsai- Hill Criterion Factor for an FEA study investigating T300/934 UD 2 
mm thick specimens with carbon fibre epoxy end tabs for different taper angles [84] 
Taper angle ° THCF 
90 1.00 
45 0.82 
30 0.78 
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Table 2-8 shows FEA data from [15] measured using the IITRI compression fixture 
for 2 mm thick specimens with compressive strengths assuming 60% fibre volume 
fraction. The specimen models had an overall length of 140 mm, width of 6.35 mm 
and gauge section length of 12.7 mm. The peak stress was normalised to the stress at 
the centre of the gauge section. Table 2-8 shows that increasing the taper of end tabs 
appears to increase the stress concentration according to [15], this suggests that 
designs with a larger taper angle would fail earlier at a lower compression strength. 
Table 2-9 presents data from [84], also suggests that designs with a larger taper angle 
would fail earlier. Both investigations use FEA and may be influenced by the model 
mesh density and the use of peak stress values in Table 2-8 may not be an accurate 
representation of the compression strength of the composite because peak values are 
dependent on mesh density. No data is provided for thicker laminates for either study.  
 
Steel end tabs will not have any deformation in the through-thickness direction due to 
the high density and stiffness; this may cause an increase in compression strength due 
to compaction since the laminate is not able to expand in the through thickness 
direction or the fibre transverse direction. This could explain the high strength results 
when steel end tabs are used in Figure 2-13. The slight improvement in strength from 
using a 90° taper angle to using a 30° taper angle for specimens in both [12] and [15] 
may be due to a lower stress concentration at the end tab termination region which 
could affect the stresses in the gauge section and change the failure location.  
 
2.3.3 Tab Adhesive Properties 
 
Only one investigation has studied the effect of tab adhesive properties on 
compression strength. Xie and Adams [17] studied the effect of adhesive stiffness and 
the thickness of the adhesive layer on specimen compression strength. The 
thicknesses of the adhesive layers studied were 0.178 mm and 0.533 mm; they were 
assumed to be uniform. No details were given of how the adhesive thickness was 
varied. The results were obtained via an FEA analysis using the properties of 
AS4/3501-6 carbon/epoxy and non tapered steel end tabs which were assumed to be 
bonded to the specimen by means of an isotropic adhesive material. The specimen 
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modelled had a length of 140 mm, width of 6.35 mm and gauge length of 12.7 mm. 
For shear loading, a shear force was applied directly to the model end tabs. A through-
thickness normal force applied to the tab surface was also included to model the 
lateral (antibuckling) supports. The results were normalised against the model where 
no adhesive is used; the axial stress for this model at the centre of the gauge section 
was used for normalisation.  
 
When the specimen was loaded in shear, there was a small effect of the adhesive 
modulus on the peak axial stress at the tab tip; a lower adhesive modulus was found to 
reduce the stress concentration, see Table 2-10. The thickness of the adhesive layer 
did not appear to significantly affect the stress distributions in the specimen.  
 
The effect of adhesive thickness in thick laminates was not investigated. As discussed 
previously the use of a normalised peak axial stress here may not be useful because it 
may not be representative of the compression strength of the specimen. 
 
Table 2-10: Normalised peak axial compression stress at the tab tip in a non-tapered 
steel-tabbed AS4/3501-6 2 mm UD laminate composite specimen under shear loading 
and two adhesive moduli (adhesive thickness 0.54 mm) [17] 
Adhesive Modulus [GPa] Normalised Peak Axial Stress 
0.21 1.095 
2.10 1.135 
 
2.3.4 Partial Debonding of End Tabs 
 
Several experimental investigations have been made on the effect of partially 
debonding end tabs at the tab tip by a small length as a method to reduce the stress 
concentration caused by the geometrical discontinuity of the end tab [12, 70]. For the 
study in [12] the standard IITRI compression fixture was used and specimens were 
124 mm long with a width of 12.7 mm and a gauge section length of 12.7 mm. End 
tabs made from E-glass fabric/epoxy were 1.6 mm thick. For the study in [70] the 
ICSTM fixture was used and specimens were 90 mm long with a width of 10 mm and 
a gauge length of 10 mm. The end tabs were woven glass fibre/epoxy and 1.6 mm 
thick. For the mould release wax method, three coats were applied. 
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The results shown in Table 2-11 suggest that the debonding method and debond 
length have a significant influence on the compression strength, depending on the end 
tab material. Using mould release wax for the same purpose reduces the compression 
strength by an average of 3.7% compared to using no debond but this is insignificant 
considering the scatter. The reduction in average compression strength may have been 
due to the thickness of the mould release wax layer as this may have off-set the 
alignment of the end tab in the through-thickness direction. In turn, this would have 
affected the transfer of shear load to the end tabs. Overall the use of mould release 
wax did not increase the compression strength, the use of steel end tabs may also have 
influenced the result. Bending the test piece, using PTFE tape and using Cellulose 
tape all increased the average measured compression strength. The use of Cellulose 
tape in the debonded region increased the compression strength the most, by 11.7% 
compared to using no debond. 
 
For the mould release wax method the authors [12] noted that the specimen still failed 
at the end of the tabs and not at the ends of the adhesive bond lines within the end 
tabbed region. This suggests that the lateral compressive stresses induced by the 
wedge grips were still being transferred by shear load at the ends of the adhesive bond 
lines. In the study by Haeberle [70], most of the test pieces also still failed near the tab 
edge into the gauge section. Some of the stress-strain curves in [70] show bifurcation 
indicating buckling of the specimens, causing additional compressive stress on one 
side of the specimen. These curves were mostly for the methods involving bending of 
the test piece and the use of PTFE tape. For the debonded specimens in [70] the 
coefficient of variation was low compared to the normal specimen, particularly for the 
specimens using PTFE tape. 
 
 
 
 
 
 
 
  34
Table 2-11: Average Compression Strengths for partially debonded end tab specimen 
designs, for a 2 mm UD laminate specimen 
Composite 
Debond 
length 
[mm] 
Method for 
debond 
Average 
Compression 
Strength [MPa] 
CV % 
AS4/3501-6 
[12] 
None - 1628 6.3 
6.4 Mould release 
wax 
1579 3.9 
12.7 1555 8.3 
XAS/914C 
[70] 
None - 1617 8.6 
6-8 Bending test piece 1761 4.7 
5 PTFE tape 1704 2.0 
5 Cellulose tape 1806 4.8 
 
2.3.5 Waisted Gauge-Section Design 
 
The effect of waisting the gauge section where there is curvature towards the centre of 
the gauge length has not been considered by many studies. A study made at NPL [106] 
showed that a reduction in gauge section radius for circular waisting in the specimen 
width direction causes an increase in the compression strength beyond the strength 
obtained using a parallel sided design with the same gauge length. The design with the 
smallest waisted gauge section radius is also the design with the highest elastic 
modulus. The increase in elastic modulus is due to a non-uniform strain distribution. 
 
The results in Table 2-12 are for 5 mm thick laminate specimens with a maximum 
width of 25 mm and minimum width of 10 mm. The gauge length used was 25 mm. 
No details were provided for the exact type of composite laminate apart from GFRP; 
the ICSTM fixture was used for the experiments. 
 
Figure 2-14: Circular waisted specimens with different radii [106] 
 
 
 75       15       7.5 (mm) radii 
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Table 2-12: Comparison of average compression strength achieved for circular width-
waisted UD specimens using different radii [106] 
Waisted gauge 
section radius 
(mm) 
Specimen 
gauge 
length (mm) 
Average 
compression 
strength (MPa) 
% Average compression 
strength of parallel sided 
specimen 
E (GPa) 
75.0 25 1077.3 94.6 44.0 
15.0 25 1126.8 99.0 53.4 
7.5 25 1193.7 104.8 58.1 
 
 
The measured strength results were between 91% and 82% of that for a parallel sided 
2 mm thick laminate specimen of the same composite system with a gauge length of 
10 mm, which measured a strength of 1308.1 MPa [106]. The waisted specimen 
results are also slightly lower compared to data collect in a study by Adams and Lewis 
[11] for unidirectional S2/3501-6 for parallel sided specimens with a thickness of 2.6 
mm and gauge length of 4.8 mm, using the IITRI fixture; the strength measured here 
was 1300 MPa with a coefficient of variation of 6.9%. 
 
Soutis and Lee [112] used a waisted gauge section in the thickness direction as this is 
considered to be an optimised form of end tabbing [70]. Circular waisting was used to 
produce three specimens of length 140 mm from UD IM7/8552 for testing in the 
ICSTM fixture. Specimens with a thickness of 8 mm and a gauge section of width 20 
mm and length 40 mm were waisted down to a minimum thickness of 5.5 mm. The 
radius used was 75 mm and end tabs were also included in the waisting, see Figure 
2-15.  
 
Figure 2-15: Through-thickness circular waisted specimen geometry for unidirectional 
IM7/8552 laminate [112] 
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Failure of the specimens occurred within the waisted section, almost at the middle of 
the waisted length. The failure was in the form of fibre breakage and axial splitting, 
see Figure 2-16. The average measured compression strength was 1118 MPa which 
was at least 30% lower than the reported value for the standard gauge section of 10 
mm by 10 mm by 2 mm specimen (1570 MPa). 
 
Figure 2-16: Failure mode of fibre splitting and breakage [112] 
 
 
Grandidier et al [66] developed a new specimen design based on finite element 
analysis results for the ICSTM and Aerospatiale test fixtures. The specimen is a 
coupon design with adhesive acting as end tabs which also bond the specimen to the 
tapered steel wedge grips (refer to Figure 2-17). The laminate part of the specimen has 
an overall length of 50 mm, with a gauge length of 8 mm. The end tabs are tapered to 
have the same radius as the tapered wedge grips. The adhesive layer between the 
specimen and grips was assumed to be 1 mm thick with a stiffness of 2.88 GPa. 2-D 
and 3-D finite element calculations were made in ABAQUS of the model and the 
effect of the specimen being 0.05° and 0.5° off axis to the loading plates which apply 
the compressive load was investigated. Results were determined for a carbon-
fibre/epoxy specimen with a longitudinal Young’s Modulus of 140 MPa, Poisson’s 
coefficient in the longitudinal transverse direction of 0.31 and shear modulus in the 
longitudinal transverse direction on 5700 MPa.  
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Figure 2-17: Geometry of test configuration [66] 
 
 
The 2-D results presented in Figure 2-18 of the compression stresses at failure show 
that no stress peaks were present in the gauge section; compressive stresses were 
maximum and uniform along the gauge length. A 0.5° misalignment was found to 
induce a compressive stress concentration in the wedge grip section 5 mm from the 
gauge section. The study does not give details of the loading and assumed boundary 
conditions or the type and number of elements in the finite element model. The 
compression strength in the gauge section (obtained from the maximum compressive 
stress in Figure 2-18) is very low compared to that obtained using a parallel sided 2 
mm thick laminate specimen [70]. 
 
Figure 2-18: The effect of misalignment of the specimen on the axial compression 
stresses based on the Aerospatiale test fixture [66] 
 
 
2.3.6 Conclusions 
 
The specimen gauge section length needs a limit in order to avoid global buckling. 
The optimum gauge section length for a 2 mm thick laminate specimen is 10 mm for 
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XAS/914 [70]. There appears to be little consensus on which is the best end tab 
material as some data shows the most compliant material to give the best strength 
results (UD AS4/3501 [15]); other data for 2 mm thick laminate specimens have 
found that using steel rather than glass/epoxy or using a less compliant material gives 
better results (UD AS4/3501-6 [12] and [15], T300/934 [84]) or there no difference 
between the two materials (AS4/3501-6 laminate) [12].  
 
Several studies have found that using a taper angle reduces the longitudinal stress 
concentration (UD AS4/3501-6 [15]) or reduces the Tsai Hill Criterion factor 
(T300/934 [84]). Only one study has been made on the effect of tab adhesive 
properties; using a lower stiffness adhesive increased the strength measured for 
AS4/3501-6 using non tapered steel end tabs [17]. Partial debonding of the end tab 
increased the compression strength for woven glass/epoxy end tabs; a debond length 
of 5 mm and the use of cellulose tape gave the best results for a 2 mm thick XAS/914 
laminate specimen [70].  
 
Three studies have considered a waisted design where waisting is either in the 
thickness or the width direction. All found that increasing the curvature in the gauge 
section would produce failure in the gauge section but the experimental studies 
measure low strength values.  
 
Thick laminates have only been tested for different end tab materials and waisted 
designs but not in other areas of the design so more investigation needs to be done in 
other areas for thick laminates. 
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2.4 Failure Modes and Mechanisms of Composite Specimens under 
Longitudinal Compression Loading 
 
 
There are several mechanisms which contribute to the failure of composites in 
compression. It is important to understand these when evaluating the performance of a 
new specimen in order to characterise the failure and confirm whether the failure is 
due to pure compression. Also the failure must be valid according to standard ASTM 
D 3410 [3]. 
 
The failure mechanisms that a unidirectional carbon-fibre/epoxy specimen can 
undergo include global (Euler) buckling, transverse or through-thickness matrix shear 
failure, buckling delamination, elastic and plastic microbuckling of fibres, fibre 
kinking, fibre end crushing and interfacial splitting. Experimental evidence from 
previous studies [23, 48, 73, 79, 85, 111, 113, 116] has shown that the expected 
failure modes in unidirectional carbon fibre composites are fibre microbuckling and 
kinking. These are the desired failure modes to accurately measure the compressive 
strength. Multiple kink bands have also been observed at the failure location of thick 
laminates [45]. Fibre end crushing, end tab delamination and through thickness failure 
inside the grip area are the typical non valid failure mechanisms in thick composites.  
 
The specimen structure [34, 45, 48, 110] and loading method [85] influence the 
failure mechanism and failure location in the specimen. The failure modes strongly 
depend upon the lateral support provided to the fibre during loading [72]. In the 
absence of a strong lateral support, all fibres would fail by buckling. As the support 
stiffness increases, buckling is suppressed and the fibre begins to fail in shear.  
 
2.4.1 Microbuckling 
 
This failure mechanism is caused only by axial compression loading and is the 
buckling of fibres at a local level. There are two modes of failure associated with it, 
in-phase (shear) and out-of-phase (extension), shown in Figure 2-19. For composites 
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with a fibre volume fraction above 30%, microbuckling is dominated by the in-phase 
mode.  
 
Figure 2-19: Shear (a) and extension (b) microbuckling failure modes 
        (a)                              (b) 
 
 
According to one study [72], microbuckling is a result of high bending strains in the 
fibre in the post-buckled state. It has been observed to start with the buckling of a 
single fibre and progressively involve additional fibres as the damage propagates 
forming a kink band, see Figure 2-20. In some cases fibre kinking may be initiated at 
several different locations and proceed to convergence. It causes a transverse tensile 
stress to develop in the matrix between the buckled and the adjacent straight fibre 
buckles. Microbuckling is more likely to initiate at a free edge rather than in the 
specimen interior because the lateral support to the fibre is lower in this region. It can 
also develop in the interior of a laminate where the fibre-matrix bond is weak.  
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Figure 2-20: Geometry of fibre microbuckling mode (upper diagram) and fibre 
microbuckling observed in a UD T800/924C composite laminate (lower diagram) 
[110] 
 
 
2.4.2 Kink Band Formation 
 
Some researchers argue that fibre kinking is a buckling process which is sensitive to 
imperfections such as initial fibre waviness and involves plasticity [30]. The type of 
buckling has been described as limit point buckling [30] which involves a smooth 
maximum in the applied load and not bifurcation buckling. Kink bands develop in 
localised areas and are the result of fibre microbuckling failure [95]. They occur after 
the peak load has been reached and the regions are defined by fibre breakages. Other 
researchers argue that microbuckling initiates due to initial failure of the resin matrix 
in shear which loads fibres and causes their elastic bending [111]. The fibres rotate 
and break in two places forming a kink band. The fibres then rotate further until the 
matrix between the fibres fails, and the kink band and hence the laminate loses it load 
carrying capability. 
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Kink bands form both in-plane and out-of-plane. The kink bands are typically inclined 
at an angle β = 5˚ to 25˚ to the transverse direction [117]. The width (w) of the kink 
band at failure is 10 to 15 fibre diameters [50, 60], refer to Figure 2-21. Inclined kink 
bands develop tensile stress (σT) normal to the fibre direction in the kink band due to 
the transverse strain produced by the kink band rotation. Under axial stress the 
deformation mode, which takes place within a prexisting band of imperfection in the 
form of fibre misalignment, is a combination of in-plane shear parallel to the fibre 
direction and direct straining transverse to the fibres [57]. Fibre rotation occurs under 
increased remote stress. Fibres within the band rotate by a greater amount than 
material outside the band. The additional fibre rotation leads to geometric softening, 
which more than offsets strain hardening within the band. The maximum applied load 
is attained after only a few degrees of fibre rotation.  
 
 
Figure 2-21: Notation for an inclined kink band [30] 
 
 
2.4.3 The Process of Failure by Kink Band Formation 
 
Soutis et al [111] investigated the existing criteria for fibre breakage during the 
process of microbuckling failure in a 0° unidirectional CFRP laminate loaded in 
compression. Shear strains which developed in the matrix were attributed to fibre 
microbuckling failure. 
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Table 2-13: Fibre strains at opposite points A and B for different values of matrix 
strain [111] 
Measured fibre 
strain 
Matrix strain % 
1.5 4.0 6.0 
εA -0.6 -0.11 -0.12 
εB 0.9 1.37 1.38 
 
Figure 2-22: Schematic illustration of fibre microbuckling [111] 
 
 
Fibre failure was proven to be initiated on the compression side of the kink band at 
points of maximum curvature (refer to Table 2-13 and Figure 2-22). The strains at 
point B were in the range of the fibre compressive failure strain. At point A, the small 
and negative strains confirmed that when the fibre starts to fail in compression at 
point B, tensile bending strains at A are still well below the fibre tensile strain (≈2%). 
The study also confirmed that the microbuckling half-wavelength is equal to the kink 
band width (50-80 µm). 
 
Liu et al in 1995 [89] were able to make experimental observations of the kinking 
process in ductile matrix fibre composites using a high resolution camera. The 
observations were used to propose a detailed theoretical failure process. 
Unidirectional specimens of ICI Fiberite APC-2 were tested. The specimens measured 
45 mm in the fibre direction and had notches 4 mm deep cut perpendicular to the fibre 
direction. They were clamped between two steel plates to allow only in-plane 
deformation; lateral compression was imposed by tightening a screw at the back of the 
clamping rig. A displacement velocity of 0.05 mm/min was applied in the fibre 
direction. Three distinctly different modes of deformation were observed at various 
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stages of the kinking process. The first signs of plastic behaviour are characterised by 
plastic flow of the matrix in a small region ahead of the notch, known as the incipient 
kinking stage (see Figure 2-23); this regime is between the onset of nonlinearity and 
the peak stress. The matrix shear strength and defects during manufacturing such as 
fibre misalignments control the peak kinking stress. After the peak stress is attained, 
the stress drops until it reaches a steady state value. 
 
Figure 2-23: Stress plotted against the displacement due to the band, δtotal is the total 
end displacement, δno band is the nominal displacement when the band is absent [89] 
 
 
During this process a dominant kink band propagates across the specimen; this stage 
is known as the transient kinking stage. As the band propagates the fibres within the 
tip of the kink band rotate, causing the matrix to undergo severe shear strain. The 
matrix strain hardens to the point where further fibre rotation is not energetically 
favourable and the fibres within the band become locked in their orientation. A softer 
deformation mode becomes activated which occurs a short distance behind the 
advancing tip. It involves broadening of the band by lateral propagation of its edges 
into a softer (non-strain hardened) material; this is a steady-state phenomenon where 
the driving stress is constant and, unlike the peak stress, is insensitive to material and 
geometric imperfections. 
 
2.4.4 Fibre Crushing 
 
Fibre crushing occurs at the end of a specimen where end loading is applied. It occurs 
when the uniaxial strain in the composite equals the intrinsic crushing strain of the 
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fibres. It occurs by a method of microscopic microbuckling or kinking which occurs 
within each fibre. Kink bands have been observed of width less than the fibre radius. 
[73, 99]. 
 
2.4.5 Fibre Splitting 
 
This occurs when the matrix cracks parallel to the main axial fibre direction and is 
associated with weak matrix materials or with poor adhesion between the matrix and 
fibre. It gives rise to shear stresses. For fibre splitting to occur, the debonding shear 
stress is greater than the ultimate shear stress of the matrix. 
 
2.4.6 The Effect of Specimen Structure and Microstructure on 
Microbuckling 
 
Hahn and Williams [72] examined the effect of constituent properties on composite 
compression behaviour using two different carbon fibres (T300 and T700) and four 
different epoxy resins  (5208, BP907, 4901/MDA and 4091/mPDA) for unidirectional 
laminate composites. The study observed that the weakest part of the structure failed 
first in all cases. The predominant macroscopic failure mode was observed to be shear 
crippling; for stiff resin failure this was characterised by the formation of a kink band 
on a microscopic scale.  
 
For a ductile matrix with a strong interface microbuckling occurred as a result of high 
bending strains in the fibre in the post buckled state. Microbuckling failure was 
defined as involving large post buckling deformations of the fibre in which multiple 
fractures could occur due to the high bending strains. The study proposed that the 
weakest fibres or those which have the least support due to imperfections fail first. 
The study concluded that multiple shear crippling zones may develop in a specimen 
and proceed to converge. The transverse tensile stress in the region where the two 
zones meet may be sufficiently high to cause longitudinal splitting. Transverse tensile 
stresses develop in the matrix due to the Poisson’s ratio difference between the matrix 
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and the fibre can result in matrix fracture propagation parallel to the fibres. Stress 
concentrations caused by voids can also initiate fracture in the fibre/matrix interface. 
 
Camponeschi [34] investigated compression of thick unidirectional composites of 6.4 
mm (48 plies) to 25.4 mm (96 plies) consisting of AS4/3501-6 carbon/epoxy and 
S2/3501-6 glass/epoxy laminates using the DTRC fixture. Multidirectional laminates 
with a layup stacking sequence of [02/90]ns were also investigated for both materials 
for thicknesses of 48 plies, 96 plies and 192 plies. For UD AS4/3501-6 failure 
occurred on the ends of the specimen at the load introduction point, the most 
dominant characteristic being a brittle shear plane that initiated at the top corner of the 
specimen and propagated down and across the width of the specimen, see Figure 2-24. 
Kink bands were present but delamination growth was minimal due to the through-
thickness restraint was applied by fixture clamping blocks. Attempts were made to 
change the location by increasing the fixture preload; this was unsuccessful. When 
through-thickness preload was increased, the failure location moved nearer the gauge 
section but a lower compression strength was measured. When kink bands formed 
near an unsupported gauge section, delamination growth was substantial and caused 
total coupon failure. 
 
Figure 2-24: Failure mode in 48 and 96 ply UD AS4/3501-6 coupons [34] 
 
 
 
 
The failure mechanisms observed for the UD S2 glass coupons were the same for the 
48 and 96 ply specimens. For the 48 ply specimens, two failed at the end, two failed at 
  47
the tab gauge section interface, and one failed at the centre of the gauge section. For 
the 96 ply coupons, three failed at the end and one failed simultaneously at the end 
and tab-gage length interface. Regardless of failure location, the failure mechanism 
was predominantly fibre kinking, as kink bands were observed which ran through the 
thickness of the specimens. Using high speed video imaging, the failure process 
appeared to be governed by instantaneous failure of many of the lamina interfaces 
throughout the thickness of the laminate. This failure resulted in sublaminate 
instability and collapse of the entire laminate.  
 
Failure characteristics observed for the [02/90]ns laminates were the same for both 
materials in all thicknesses, and were similar to observations regularly reported for 
thin composite materials. The presence of kink bands through the specimen thickness 
predominated. The kink bands appeared to initiate on the specimen surface, at the 
point where the end tab terminated, and propagated towards the specimen mid-plane. 
Delaminations were observed propagating from the kink bands and resulted in 
excessive damage development when failures occurred in the vicinity of the gauge-
section.  
 
For the AS4/3501-6 48 ply laminates, the average strength of the multidirectional 
laminate was 7% less than for the UD laminate. For the AS4/3501-6 96 ply laminates, 
the average strength of the multidirectional laminate was 4.6% more than for the UD 
laminate. Therefore the structure of the laminate did not appear to influence the 
apparent compression strength. For the S2/3501-6 48 ply laminates, the average 
strength of the multidirectional laminate was 22% less than for the UD laminate. For 
the S2/3501-6 96 ply laminates, the average strength of the multidirectional laminate 
was 4.7% less than for the UD laminate. Therefore the structure of the laminate 
appeared to influence the apparent compression strength significantly for this material. 
 
Daniel et al. [45] investigated failure modes in thick composites up to 72 plies thick 
using the NU test fixture for IM6G/3501-6. Failure mechanisms were recorded after 
the test by means of optical and scanning electron photomicrography. The first failure 
mechanism was observed to be shear yielding of the matrix due to pre-existing fibre 
misalignment. This was followed by fibre buckling and fibre fracture. Fracture 
increased the amount of shear in the surrounding fibre area, resulting in further matrix 
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shear yielding which caused further buckling and fracture. The buckled fibre was 
observed to have a sigmoidal shape, resulting in two fractures on the convex sides at 
the points of maximum curvature, see Figure 2-25. The failure process took the form 
of a kink band with observed widths between 4 and 20 diameters and the band angle, 
β, varying between 20° and 30°. The kink angle α, was observed to increase from a 
very small initial value to approximately 50˚. For compressive failure initiated by 
fibre buckling, following shear yielding of the matrix, the critical fibre length at 
buckling was given by 
fcr
ff
cr
Ed
L
σ
pi
4
=                                                                                                           Equation 2-1 
where  
df= fibre diameter 
Ef= fibre modulus 
σfcr= critical fibre stress at buckling 
  
The kink band geometry was observed to be more complex for thicker specimens; the 
bands occurred on different planes which in some cases rotated along the same band. 
Another phenomenon observed was kink band broadening with increasing 
compression. 
 
Figure 2-25: Geometry of buckled fibres [45]  
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2.4.7 Conclusions 
 
The reason for kink band initiation has been investigated by several studies but 
different conclusions have been formed. One study [111] observed that fibres fail first 
and matrix shear failure occurred as a result of fibre microbuckling failure. Two other 
studies [45, 89] found that matrix failure occurred first. One attributed this to pre 
existing fibre misalignment. Lui et al [89] observed that the matrix strain hardens to 
the point where initial fibre rotation is not favourable and the fibres within the band 
become locked in their rotation. This suggests a high dependency of kink band 
formation on the properties of the matrix. 
 
Two studies have considered the kink band failure stress; Lui et al [89] found that the 
value is dominated by the matrix shear strength and manufacturing defects. Hahn and 
Williams [72] proved experimentally that the weakest fibres failed first in the form of 
kinking, supporting the concept that manufacturing defects will affect the peak 
kinking stress. 
 
Two studies considered the failure of thick laminates. Thick laminates have been 
found to fail in a more complex way as kink bands occur on different planes [21]. 
Thick laminates of 6.4 mm and 25.4 mm fail by the same process of kink banding 
[72]. This suggests that there is a limited effect of thickness scaling on the failure 
process. 
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2.5 The Effects of Defects 
 
 
It is clear that fibre waviness [43], [74], [81], [85], [95], [114], fibre misalignments 
[44, 67, 115, 120] and fibre-matrix interfacial debonding [95], [115] have an effect on 
the compressive strength of a composite. Modelling these defects in numerical 
analyses has provided realistic predictions of the specimen failure response and results 
compare well with experimental compression strengths. 
 
Fibre misalignment is a defect which initiates from the fabrication process. It may 
occur during the stacking process due to the manufacturing or due to displacement of 
fibres during curing. Misalignment may occur more often in thick laminates [44] due 
to the nature of the laying-up process. Fibre waviness in laminates can be an in-plane 
or out-of-plane feature, a manufacturing defect which occurs out-of-plane due to fibre 
nesting under autoclave pressure.  
 
Barbero et al [22] proved theoretically, based on the model of fibre micro-kinking, 
that fibre micro kinking of elastic-nonlinear polymer matrix composites is an 
imperfection sensitive problem. The investigation modelled the composite as a single 
element with no distinction between the fibre and matrix. This approach was chosen 
to reduce inconsistencies which may result when using inadequate micro-mechanical 
formulae while including the non-linear shear response. The study concluded that 
microbuckling is imperfection sensitive due to an unstable, symmetric bifurcation 
point; therefore fibre misalignment and the elastic non-linear shear response of the 
composite are critical variables in predicting compression strength. 
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2.5.1 Laminate Layer Waviness 
 
Stevanovic and Stecenko [114] investigated the effect of layer, out-of-plane, waviness 
of crossply laminates of laminate configuration (0/90 02)n/core/(02 90)n/0 with the core 
shown in Figure 2-26. The percentage of wavy layers affected the failure mechanism 
and specimen compression strength. No information was given about the composite 
system. Waviness was artificially introduced in the core (see Figure 2-26) with 
different severity of waviness and different fractions of wavy layers. Wavy laminates 
were manufactured by compression moulding where rolls were used to achieve layer 
waviness (refer to Figure 2-26). Wave severity affected the failure mechanism. 
 
Figure 2-26: Core laminates used to produce UD layers with a) two wavy layers and b) 
with six wavy layers [114] 
 
 
The fraction of wavy layers varied from 6 to 37% and the severity of waviness, 
measured as the ratio of amplitude to half wavelength 2a/λ varied from 0.03 to 0.08 
for specimens consisting of 24, 36 and 48 plies. The different fractions of wavy layers 
were obtained varying the number of layers in the outer skins and by changing the 
core, as shown in Figure 2-26. The specimens were tested in the Celanese fixture 
following the ASTM D 3410 test standard. The compression strength of laminates 
with 6% and 12% wavy layers was reduced at a wave severity of 0.05 by 10%. As 
wave severity increased, more specimens failed due to extensive delamination 
between 0° and 90° layers rather than by angled fracture through the thickness.  
 
Hyer and Adams [81] investigated the effect of layer waviness in crossply laminates 
with artificially induced waviness with layer wave geometries up to 1.5 layer 
  52
thickness in amplitude. A three step fabrication method was developed for fabricating 
the isolated layer wave and introducing it into the laminate. This involved preforming 
the wavy shape into a two-ply 0˚ layer using a matched mold. In the second step a 
sublaminate with the built-in wavy layer was fabricated. Thin strips from a 
unidirectional laminate were placed in the three troughs of the wavy layer. Two 90˚ 
plies were placed on either side of the wavy 0˚ layer, and the assembly was placed in 
a steel mould and consolidated. The third step involved adding the remaining 8 
prepreg plies on each side of the wavy sublaminate to obtain the final stacking 
sequence. The assembly was again placed in a steel mould and consolidated. The 
IITRI fixture was used to test specimens of T300/P1700 with a width of 25 mm, 
gauge length of 25 mm and end tabs with a taper angle of 30°. The specimen length 
was not given. The 22-ply laminate configuration was [902/02/902/02/902/02w]s where 
02w was the 2 ply wavy layer which was not part of the symmetric sequence. 
 
Figure 2-27: Compression strengths of layer wave specimens [81] 
 
 
 
 
 
 
 
 
 
 
 
 
Severe wave geometries had a significant effect on the compression strength as shown 
in Figure 2-27. The most severe wave geometries reduced the compressive strength by 
as much as 36% even though the wavy 0° layer only accounted for 20% of the load-
carrying capacity. As shown in Figure 2-27, specimens with more severe layer wave 
geometries failed at the location of the wave layer; brooming failure was observed for 
these specimens. The degree of out-of-plane brooming varied greatly. For specimens 
with more moderate layer wave geometries (a/λ < 0.06, where a is the wave amplitude) 
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failures were recorded at both the wave and the tab regions, suggesting that these two 
strength-reducing mechanisms were equivalent.  
 
Hsiao and Daniel [43] investigated the effect of fibre waviness of UD composites both 
analytically and experimentally. The models investigated three types of wave patterns: 
uniform and graded waviness and localised waviness. Graded waviness was where the 
amplitude of the sine-wave changes gradually from a maximum at the centre to zero 
on the outer layers. Numerically, a representative volume for a single period of 
localised waviness was analysed where the amplitude was graded from a maximum at 
the mid-surface. The Tsai-Wu failure criterion was used to predict local ply failures. 
Experiments were used to confirm predictions. The materials investigated were 
IM6G/3501-6 carbon/epoxy and S-glass/epoxy, tested using the NU fixture. 
Specimens were 146 mm in total length with a gauge length of 38.1 mm for 
thicknesses between 2 mm and 19 mm.  
 
Techniques were developed to produce the controlled waviness; in the case of 
uniform waviness, pre-preg tape was wound around a rectangular mandrel and cured 
in an autoclave following a specific cure cycle developed for thick composites. UD 
specimens with graded waviness were developed using a three-step cure cycle where 
the middle and outer layers were cured initially, uncured pre-preg was sandwiched 
between and the whole lay-up was then co-cured. Specimens manufactured with 
uniform waviness were 19 mm thick with a measured waviness amplitude/period ratio 
of 0.043 and maximum misalignment of 15°. Specimens with graded waviness were 9 
mm thick with a measured waviness amplitude/period ratio of 0.02 and maximum 
misalignment of 7.2°. 
 
Uniform waviness caused a considerable reduction in modulus of 42%. Graded 
waviness caused a significant 30% reduction in compressive strength and 6% 
reduction in modulus compared to a normally aligned specimen. Carbon/epoxy 
material was found to be more sensitive to waviness than S-glass/epoxy, highlighting 
the effect of anisotropy. Models were found to agree well with experimental data. The 
study assumed that classical laminate theory, which was used to analyse stresses and 
strains, was valid in the failed region. For wavy composites under axial compression, 
  54
local out-of-plane bending deformations are induced due to the shear coupling 
behaviour. However, no global out-of-plane bending was expected since the response 
should have been orthotropic. Therefore only a state free of bending deformation was 
considered for the analytic response. Only one specimen was tested for each type of 
waviness. Since different laminate thicknesses were manufactured for different grades 
of waviness, it is not possible to comment on the combined effect of laminate 
thickness and fibre waviness on the compression strength. 
 
2.5.2 In-Plane Fibre Waviness 
 
 
Highsmith et al [74] made an analytical study of the influence of fibre waviness. A 
micromechanics model based on the kinematics of the fibres was developed to predict 
the behaviour of unidirectional composites with initially wavy fibres. The level of 
fibre waviness affected the compressive strain to failure as shown in Figure 2-28. The 
initial waviness was idealised as sinusoidal. Fibre waviness and matrix shear 
properties were determined experimentally for T650-42/Radel C and input into the 
analytical model. Under compressive loading significant shear strain develop at the 
nodal points; it was assumed in the model that failure occurred when there was local 
matrix failure at these points of high shear. This material was chosen because it 
seemed to exhibit extreme fibre waviness. Photomicrographs were taken of the wavy 
fibres and digitizer was used to trace and record specific points in order to determine 
the wave amplitude and length. An infinite array of fibres with in-phase identical 
waviness was modelled; all fibres should have the same stresses, strains and 
displacement due to the array being infinite hence only a representative volume was 
modelled. 
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Figure 2-28: Maximum shear in the matrix versus applied compressive strain for 
different levels of wavy material [74] 
 
 
The ultimate shear strain for the matrix material was 3%. The model using linear 
elastic shear behaviour did not achieve this maximum shear strain within the plot of 
shear strain vs. net axial strain. For models which implemented nonlinear matrix shear 
behaviour the response was very nonlinear. As shown in Figure 2-28, the model 
predicts that if the regions of high waviness could be eliminated, a much higher 
applied axial compressive strain would be required to cause shear failure of the matrix 
material. The applied compressive strain to failure for the “average” waviness would 
then be 1.25%. Compressive failure for maximum waviness was predicted when the 
applied compressive strain reaches only 0.36%. 
 
Lee and Soutis [112] measured the in-plane fibre waviness for UD T800924C of 2 
mm, 4 mm and 8 mm thick laminates by measuring the in-plane misalignment angle. 
They used the Yugartis method [122]. The method is based on the simple observation 
that a plane section of a straight circular fibre is an ellipse and on two assumptions: 
firstly the fibres are straight over short distances (at least twenty fibre diameters) and 
secondly, all fibres have the same circular diameter. The procedure involves the 
examination of a polished plane section, cut at a known shallow angle to the nominal 
fibre direction. The precise angle of cut for each fibre, θi (see Figure 2-29), can be 
determined from the major axial dimensions of the cut fibre’s elliptical surface and 
the fibre diameter, ai and df, using the relation 
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where the subscript i refers to the ith fibre. Yugartis proposed a correction for counting 
bias since in a limited observation area smaller objects are more likely to be counted 
than large ones. The correction yields: 
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θθ                                    Equation 2-3                                
where fv(θi) is the volume fraction of the total fibre that is at an angle θi to the plane-
cut surface. θi and Ni are class interval mean and number of values within a class 
interval, respectively. 
 
Figure 2-29: Cross section of a fibre sectioned at different angles 
 
 
 
 
 
 
 
 
 
 
 
 
If φPC is known, then the angle of intersection of each individual fibre, φi, is found by 
the following transform (see Figure 2-30), 
                                                         φi =θi - φPC                                           Equation 2-4                                       
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θ = 10° 
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Figure 2-30: Definition of fibre angle (φi) 
 
 
 
 
 
 
 
 
 
 
φPC is determined from f(θ). Since the zero degree direction is the mean of the fibre 
waviness distribution, the mean of f(θ) equals φPC. Therefore, φPC is the mean of 
distribution, iθ . The mean of distribution, iθ , is given using fibre volume fraction, 
fv(θi), 
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In order to characterize the form of the distribution, standard deviation is employed. A 
large standard deviation indicates poor overall alignment whereas a smaller one would 
characterize a more narrow angle distribution. The standard deviation of the fibre 
angle distribution is calculated with the values of θ using the following equation. 
                                        
2
1
n
1i
2
iiv ))((f 





−= ∑
=
θθθσ                                               Equation 2-6                                                                                   
 
The fibre waviness distribution was wider for the 8 mm thick laminate, see Figure 
2-31; this was attributed to more movement of the fibres during the curing process. 
Compressive test results of the laminates using the ICSTM fixture showed a reduction 
in strength compared to the 2 mm thick laminate results by 12.7% and 34.2% for the 4 
mm 8 mm thick laminates respectively, suggesting that there is a link between in-
plane fibre waviness and compression strength. σ is the standard deviation of the fibre 
angle distribution, a wider distribution means poorer fibre alignment in the specimen. 
 
θ 
φPC 
φ Sectioning Plane 
Fibre Segment 
Main Fibre Direction 
0° 
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Figure 2-31: Fibre waviness distribution for 2 mm, 4 mm and 8 mm thick 
carbon/epoxy UD specimens using T800/924C [112] 
 
 
2.5.3 Fibre Misalignment 
 
Sullivan et al [115] used an analytical model to assess the affect of fibre misalignment. 
The model was based upon analytical micromechanics and attributes observed for 
both nonlinear shear stress-strain behaviour and matrix behaviour. It assumed that if 
significant shearing stresses are present in the matrix, due to applied loads or 
generated by local perturbations in fibre straightness, the matrix shear stiffness will be 
less than the initial elastic value. For a general three-dimensional state of stress, the 
reduced matrix tangent shear stiffness was computed based upon the second invariant 
of the deviatoric stress tensor. The reduced matrix shear stiffness would result in a 
reduced composite shear modulus and hence lower compressive strengths.  
 
Properties of UD AS4 carbon fibre reinforced polymer matrix were used, the fibre 
ultimate strain to failure of the fibres was assumed to be 0.7%. Fibre bundle 
misalignments from 0° (perfectly aligned) to 5° were considered. Two values of 
matrix yield strength in shear were used to represent a “high” and “low” interfacial 
shear strength composite. Computed strengths were compared to experimental 
strength data measured data by Madhukar and Drzal [92].  
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Figure 2-32: Effect of fibre alignment on predicted composite compression strength 
and axial modulus [115] 
 
 
The theoretical predicted response showed that a misalignment angle of up to 5˚ has a 
significant effect on the compressive failure stress. The predicted compressive 
strength was also found to be a strong function of the effective shearing stress in the 
matrix. For a misalignment angle of less than 2.5˚, the predicted response was much 
higher than the measured response, see Figure 2-32. The measured response may be 
lower due to other imperfections which the model did not account for. Analytically, 
the response of the elastic modulus for the range of fibre misalignment shown in 
Figure 2-32 agreed with measured data by Madhukar and Drzal [92]. This degree of 
misalignment was not found to reduce the predicted axial modulus of the composite 
below the measured values.  
 
Bing and Sun [25] studied the effects of specimen thickness on off-axis compression. 
Experimental tests were conducted on a 48 and 72 ply AS4/3501-6 carbon-
fibre/epoxy laminate for a specimen width of 7 mm with a height of 13 mm. 
Compression tests were conducted on an MTS machine at 10-3 mm/s stroke speed. 
Off-axis angles of 5˚, 10˚, 15˚, 20˚, 25˚ and 30˚ were investigated. Specimens were 
polished and lapped. 
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Figure 2-33: Effect of off-axis angle on the compression strength of AS4/3501-6 
composite specimens [25] 
 
 
A large decrease in compression strength was found as thickness increases as shown 
in Figure 2-33. The thickness effect was found to reduce with an increase in specimen 
off-axis angle. The reduction in off-axis strength with off-axis angle reduced as the 
off-axis angle increased.  
 
 
2.5.4 Fibre Matrix Interfacial Debonding 
 
Ochoa et al [95] investigated the effects of fibre matrix interfacial debonding on fibre 
microbuckling initiation in thermoplastic composites computationally using non linear 
material two-dimensional finite element analysis in ABAQUS. The initiation of fibre 
microbuckling of an initially wavy fibre was modelled using non linear geometry. An 
infinite fibre/matrix series was modelled using a unit cell. Multi-point constraint 
boundary conditions were used to ensure that the cell was represented as an infinite 
series of fibre and matrix regions. Symmetry was used to reduce computations and 
nodal displacements were applied at the column symmetry line. The fibre waviness 
was approximated with a sine wave. Interface elements were used in conjunction with 
plane stress continuum elements to model the poor fibre/matrix interfacial bond 
strength. The interface elements monitored contact and gap opening displacements 
versus load. The effect of debond location on the initiation of fibre microbuckling was 
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modelled using debonds placed in two different locations along the fibre. Three 
different debond lengths of 11%, 25% and 50% of the fibre length were investigated. 
 
Both the length of the debond and its location were found to cause strain reductions 
but their individual contributions were not distinguishable since the longer debond 
length extended over the critical shear regions. As shown in Figure 2-34, the 25% and 
50% debond lengths caused 69% and 90% reductions respectively in the global fibre 
microbuckling strains, compared to the perfect bond. The most detrimental location 
was the region of maximum shear. The debond reduced support for the fibre, shear 
transfer between the fibre and matrix and caused localised shear strain concentrations 
within the maximum shear region of the matrix. This caused the localised shear 
strains to prematurely exceed the resin yield strain and lowered the critical strain 
required for fibre microbuckling initiation. 
 
 
Figure 2-34: Global stress-strain response for infinite series for 3 debond lengths 
along the region of maximum shear. Nonlinear matrix.[95] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sullivan et al [115] used finite element analysis to assess the affect of disbond of the 
fibre matrix interface. The work was based on a representative volume of three fibres 
and matrix which were modelled using quadrilateral plain strain elements. Repeating 
element boundary conditions were defined along edges parallel to the fibre direction 
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to ensure that the model filled out the space when deformed. Equal axial strain in the 
fibre and matrix were assumed. The disbond was modelled in ABAQUS using 
interface elements. The fibres were assumed to have a local disbond length of 20 fibre 
diameters in proportions of 33%, 67% and 100% of the fibres. The analytical model 
was used to investigate the effect of imperfect shear stress transfer at the fibre matrix 
interface for the number of imperfect bundles ranging from 0% to 100% for interfaces 
ranging from perfect to totally disbonded. The effects of both a linear and nonlinear 
matrix shear stress-strain response were investigated. The compressive response was 
evaluated using a linear bifurcation buckling eigenvalue extraction routine. 
 
The computed strengths shown in Figure 2-35  were not found to be a linear function 
of the percentage of fibres disbanded. Comparing the results for a linear matrix 
response to the results based upon nonlinear behaviour, a stiffer matrix was found to 
provide generally higher compressive strengths but the predicted strengths were more 
sensitive to the volume of local disbonded regions. Local disbonds were found to 
reduce shear mode instability strength of AS4 fibre composites to less than 50% of the 
nominal strength. 
 
Figure 2-35: Predicted compressive strength assuming local fibre to matrix disbond 
[115] 
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2.5.5 Variable Matrix Volume Fraction 
 
Kyriakides et al [85] studied the effect of variable matrix volume fraction on 
specimen compression strength computationally, considering microsections with 
geometric imperfection in the form of varying fibre waviness. This is because 
imperfections of non-uniform fibre waviness and variable matrix volume fraction 
were observed experimentally in at least two thermoplastic composites. UD APC-
2/AS4 composite was idealised in ABAQUS as a 2-D solid and discretised with finite 
elements for a microsection of finite width. Eight node bi-quadratic elements were 
used. The microsection model contained alternating fibre and matrix layers where the 
fibres were assumed to be linear elastic and the matrix was modelled as an elastic-
plastic isotropic solid which undergoes finite deformations; the material was assumed 
to be perfectly plastic beyond a strain of 8%. Fibre imperfections were sinusoidal.  
 
The effect of variable matrix volume fraction was studied for micro-sections with the 
same waviness spatial distribution as for a constant matrix volume fraction, where the 
fibre volume fraction in the specimen centre was assumed to be 0.45 for the inner 29 
fibres and 0.6 for the outer 30 fibres, see Figure 2-36. The imperfection fibre waviness 
amplitude was set to a=3h in the centre (where a is the amplitude of the wave and h is 
the diameter of the fibre) and decayed by 99% in the width containing 14 fibres on 
either side of the central one. The half wavelength was set to 50h. An increase in 
matrix content was found to significantly reduce the initial stiffness and resulted in a 
lower limit stress which dropped from 195 ksi for νf=0.60 to 160 ksi for νf=0.45, see 
Figure 2-37. The reason for this was attributed to a specimen with νf=0.60 being more 
compliant. An important effect of the presence of additional matrices in the centre of 
the specimen was that fibres at the centre were able to deform more easily. The 
induced bending and shearing deformations resulted in the development of net tensile 
stresses in central fibres. The specimen with variable matrix content was predicted to 
be more compliant and fail at higher values of average axial strain than the case with 
constant νf. 
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Figure 2-36: Initial configuration for microsection analysed [85] 
 
 
Figure 2-37: Axial stress-end shortening response for a microsection with decaying 
amplitude and variable νf compared to for constant vf=0.60 [85] 
 
 
Lee and Soutis [112] found the void content of laminates increased steadily with 
laminate thickness looking at laminate thickness of 2 mm, 4 mm and 8 mm, as shown 
in Figure 2-38. Compressive test results of these UD T800/924C laminates using the 
ICSTM fixture showed a reduction in strength compared to the 2 mm thick laminate 
results by 12.7% and 34.2% respectively, suggesting that there is a link between void 
content and compression strength. However, no details were given about whether the 
failure mode for the specimens was valid for all of the thicknesses tested for this 
material. 
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Figure 2-38: Void content for different specimen thickness for UD T800/924C 
carbon/epoxy laminates [112] 
 
 
2.5.6 Conclusions 
 
Studies have shown that defects such as laminate layer waviness and in-plane fibre 
waviness due to the filament winding process, fibre misalignment and variable matrix 
volume fraction due to the manufacturing process and fibre matrix interfacial bonding 
during the test process all influence the final measured compression strength. More 
studies are needed to quantify the effect in thick laminates and to investigate whether 
these defects have a greater influence on thick laminates. 
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3. : Analysis of the Standard Parallel Sided Specimen Design 
 
This chapter presents both FE and experimental results for 2 mm and 10 mm thick 
parallel sided specimens, and experimental results for 6 mm thick parallel sided 
laminates. A background to the FE modelling and experimental work is provided 
including details of the loading method. The results, including the predicted stress 
distribution in the specimen are explained using equations for elasticity and force 
balance equations. 
 
Engineering drawings of the ICSTM fixture can be found in Appendix 8. 
3.1 Theoretical Analysis 
 
The loading of the fixture and the constraints on the fixture affect the stresses acting 
on the specimen; this causes failure in the gauge section for the 2 mm thick specimen 
and causes failure outside the gauge section for the 10 mm thick specimen. 
 
The parallel sided specimens which were modelled, and also tested, used the reverse 
chamfer design shown in Figure 3-1. This involved the use of a resin epoxy fillet 
between the end of the end tab and the laminate, using a chamfer of 45˚. This was 
introduced to the specimen design in order to reduce the stress concentration at the 
end of the end tab and prevent specimens from failing in the region and cause them to 
fail in the centre of the gauge section.  
 
The specimen is preloaded by applying a 5 Nm torque to the inner bolt and a 10 Nm 
torque to the outer bolt, see Figure 3-1. Force is applied to the clamping block by the 
torque on the bolts. This force is transferred to end tabs by compression loading in the 
fibre through-thickness direction. The effect of the preloading is small and 
insignificant. The velocity was stabilised in the analysis before the compressive load 
was applied by having a time gap between the time that the preloading was applied 
and the time that the end loading was applied, and also by using damping. 
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Figure 3-1: Parts of the ICSTM fixture modelled in the FE analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After preloading, the specimen is then end loaded. During end loading of the 
specimen, the Poisson’s effect causes through thickness expansion in the gauge 
section. Since the rest of the length of the specimen is clamped in the through 
thickness direction, there is no through thickness expansion in this region. This results 
in high shear and longitudinal stresses at the end of the gauge section due to the 
change in boundary conditions. There is no expansion in the fibre transverse direction 
either due to the constraints of the fixture if the specimen fits perfectly into the fixture. 
Longitudinal compression occurs in the fibre longitudinal direction in the gauge 
section and in the fibre longitudinal direction in the clamped section. Due to 
interaction between the forces in the through-thickness and longitudinal directions, 
there is also shear displacement of the specimen along the clamped section up to the 
start of the gauge section.  
 
The total force in the longitudinal direction along the specimen is a contribution of 
end loading and shear forces (see Figure 3-2). This can be expressed as 
 
Inner bolt 
Outer bolt 
Clamping 
block 
Carbon fibre laminate 
Resin fillet 
End tab 
End block 
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P(x) = R + 2h ( )xLx
x∫
=
=0
τ  dx                                                                           Equation 3-1 
 
where P(x) is the total force in the fibre longitudinal direction along the specimen, and 
R is the reaction force. (In Figure 3-2 P is the applied end load.) Therefore specimen 
failure will occur due to a combination of end loading and shear loading. 
 
Figure 3-2: Force equilibrium in the specimen for the longitudinal direction 
 
 
Using  Equation 3-1, it is clear that the longitudinal force and therefore the 
longitudinal stress in the specimen increases towards the gauge section since the 
integral of the shear stresses becomes larger as x increases.  The longitudinal stress is 
smallest at x=0 where is is only equal to the reaction force. One of the factors 
affecting the shear stress τ (x) is the through thickness force acting on the specimen 
(in the specimen thickness direction, see “t” in Figure 3-2). The shear force is 
determined from the through thickness force multiplied by the coefficient of dynamic 
friction (since there is motion in the specimen). The shear force will vary along the 
specimen length and will be greatest at the end of the gauge section where the 
through-thickness force due to laminate expansion in the through-thickness direction 
is greatest. This is because laminate through-thickness expansion is greater at the end 
of the gauge section than in the clamped section due to the change in boundary 
conditions. 
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3.2 Background to modelling 
 
3.2.1 Introduction 
 
 
LSDYNA-3D explicit [90] has been used in order to assess the stress concentrations 
produced in the test. This package was selected because it is commonly used to model 
dynamic loading and an in-house failure criteria code was available and easily 
implemented. Due to LS-Dyna’s dynamic capability it is possible to consider the 
effect of the applied torque on the stress distribution in the specimen before end 
loading is applied as well as the effect of the dynamic component of the friction 
coefficient on the specimen.  
 
Computational models were used to generate results for a parametric study. The end 
loaded part of the fixture, the end block, was assumed to be a rigid body to reduce 
computational time. The composite laminate and end-tabs were modelled as 
orthotropic materials; the fixture (made up of the end block, clamping block and bolts, 
see Figure 3-1) and adhesive reverse chamfer fillet were modelled as isotropic 
materials, see Table 3-2. 
 
The main geometry and mesh were created in LS-Ingrid [91]. The exact specimen and 
fixture measurements were used to produce accurate models. For all of the analyses 
only one quarter of the specimen and fixture were modelled to reduce computational 
time. 
 
3.2.2 Boundary Conditions 
 
Two planes of symmetry were used (longitudinal and transverse to the fibre direction, 
or x and y) in order to enable only 1 quarter of the specimen to be modelled for the 
majority of the data collected, thus reducing the computational time. Fixed boundary 
conditions were imposed on the external surface of the end block of the fixture in all 
three coordinates. Fixed boundary conditions were also applied to the side face of the 
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specimen, end tabs, and the clamping block in the transverse direction. The bolt 
degrees of freedom were restricted in the longitudinal direction along the midline to 
prevent bending deformation (refer to Figure 3-3).  
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Figure 3-3: Boundary conditions 
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3.2.3 Preloading and End Loading 
 
The preloading stage was modelled by applying displacement to the bolt nodes, 
Figure 3-4. In order to determine the displacement of the bolts an initial model was 
used; axial force equivalent to the torque was applied to the bolts as a pressure loading 
and the bolt nodal displacement was measured once equilibrium in the carbon 
composite through-thickness direction was reached. The calculations for the 
conversion of torque into equivalent axial force can be found in Appendix 6. The 
method of displacement based torque loading was selected because this method was 
used to model the loading by previous students on the topic of compression testing. 
Also this method is very simple to use and since the rig is not flexible (as it is made 
from hardened steel) there was less need to use the thermal strains approach. Using 
the displacement approach, the displacement in the bolts was set to be constant 
throughout the test once the displacement was applied, therefore there was no need to 
monitor the displacement during the virtual test. 
 
End loading was applied to the composite cross section at the symmetry plane in the 
gauge section as a velocity in the same model as the displacements applied to the bolts. 
The end load velocity was pre-determined; an optimum, sensible value was chosen in 
order to reduce computational time, avoid hourglass problems, high levels of kinetic 
energy and vibration in the model. The velocity applied was 25 mm/s. 
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Figure 3-4: Loads applied to model 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.4 Model Parameters 
 
Eight-noded brick elements were used for all sections of the model. The nodes of the 
end tabs and carbon composite laminate were merged in order to represent the 
bonding between these sections in the real specimen. Contact algorithms with a 
Coulomb friction coefficient (of equal value for static and dynamic friction) were 
used between the end tabs and the fixture; between the carbon composite and the 
fixture and between the clamping block and the fixture in order to investigate 
frictional effects. A friction coefficient of 0.3 was selected based on the literature 
review. A tied-contact algorithm was used between the bolts and the clamping block 
because due to the geometry of the bolts it was not possible to connect the two parts 
by merging the nodes. Damping and hourglass control were included in the models. 
 
Alignment between the specimen and fixture was assumed to be perfect and fibres 
were assumed to be perfectly aligned with no waviness, i.e. the specimen and fixture 
were modelled with no imperfections. 
Inner torque 
applied as axial 
displacement 
Outer torque 
applied as axial 
displacement 
End load applied as velocity 
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The reverse-chamfer end tab design specimen was modelled using 24500 elements, 
with 146 elements in the longitudinal direction (with varying mesh density) of the 
CFRP, 7 in the thickness direction for the 2 mm thick CFRP laminate or 35 for the 10 
mm thick CFRP laminate, and 24 in the transverse direction, see Figure 3-5. For the 
end tab 15 elements were used in the thickness direction so that the nodes at the end 
of the end tab could merge with the resin fillet. The highest mesh density at the end 
tab termination region used elements with a length of 0.11 mm in the fibre direction. 
This high mesh density was required in order to investigate stress concentrations in 
the region. 
 
Damping was used both globally and on individual parts (using the keyword 
*damping_part_stiffness).   
 
The velocity applied to the end block was applied using a dynamic loading ramp. No 
end loading was applied before the preloading displacement was applied and 
equilibrium was reached in the model. 
 
Figure 3-5: Finite element specimen mesh used in models for the 2 mm thick parallel 
sided reverse chamfer design, view from the fibre transverse direction 
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3.2.5 Material Properties 
 
The different materials assigned to the parts in the FE analyses are shown in Table 3-1.  
 
Table 3-1: Materials assigned to parts 
Part Material 
Carbon-fibre composite T300/914 
End tabs Woven 0˚/90˚ EGlass/epoxy 
Resin fillet 3M Scotchweld adhesive 
Clamping block Mild steel 
End block Mild steel (rigid) 
 
For the end block, the LS-Dyna rigid material option was chosen instead of an elastic 
material because the elastic constants in the rigid material option were used for 
contact stiffness calculations. All other materials were elastic. Overall, a rigid material 
was chosen for the end block because it does not deform in the experiment and it is 
used to apply the end loading in the virtual test. 
  
The mechanical properties of materials used in the model are shown in Table 3-2. 
These were obtained from a number of sources. Only linear elastic properties were 
used in the analyses for the elastic materials. 
 
The limitation of the materials selected was that mild steel was not the ideal choice 
and properties of hard steel would have been more accurate. This would have had a 
greater impact on the behaviour of the bolts and clamping block, but not the end block 
since the end block was modelled as a rigid material. For both the bolts and clamping 
block, the higher stiffness of hardened steel would have resulted in lower 
displacement. This would cause less through thickness force acting on the specimen 
and less frictional force in the longitudinal direction. This could cause later failure 
according to equation 3-1 because the shear stresses generated would be lower so a 
higher longitudinal stresses would be required to balance the applied load.
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Table 3-2: Mechanical properties of materials in the model 
Material Type E11 E22 E33 ν21 ν31 ν32 G12 G23 G31 [GPa] [GPa] [GPa]    [GPa] [GPa] [GPa] 
T300/914 Orthotropic 129 [85] 
8.4 
[85] 
8.4 
∆ 
0.02 
[85] 
0.02 
∆ 
0.4 
[97] 
4.2 
[85] 
3.0 
[85] 
4.2 
∆ 
EGlass/epoxy 
0˚/90˚ woven Orthotropic 
27 
* 
29 
* 
7 
[15] 
0.20 
* 
0.30 
[15] 
0.30 
[15] 
7.4 
* 
4.0 
[15] 
4.0 
[15] 
Mild steel Isotropic 209 [85]   
0.27 
[85]      
3M 
Scotchweld 
adhesive 
Isotropic 2.87 †   
0.37 
†      
 
The longitudinal fibre direction is defined as 11; the transverse direction is defined as 
22. 
 
∆ The T300/914 composite system was assumed to be transversely isotropic. E33 was 
assumed to be the same as E22, G31 was assumed to be the same as the (initial) in-
plane shear modulus G12, and ν31 was assumed to be the same as ν21. 
 
* Measured experimentally following the CRAG standard tension test [40]. See 
Appendix 5 for results. 
 
 † Private communication with 3M by telephone, December 2006. 
 
Strength values of the carbon fibre composite laminate were input into a failure 
criteria model in the user material options, see Table 3-3. 
 
Table 3-3: Strength values of the T300/914 laminate in the model 
Property Strength value (MPa) 
Longitudinal tensile strength 1535 [6] 
Longitudinal compression strength 1500 ‡ 
Transverse tensile strength 46 [92] 
Transverse compression strength 215 [92] 
Longitudinal transverse shear strength 96 [92] 
 
‡ Measured experimentally by compression testing following the ASTM D3410 
standard [3] 
 
The longitudinal and transverse strengths for the 2 mm thick laminate were input into 
the failure analysis code in order to predict failure in both laminate thicknesses. 
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Therefore it was assumed that the 10 mm thick laminate has the same strength 
properties as the 2 mm thick laminate.  
 
 
3.2.6 Failure Analysis Code 
 
A failure analysis code was used in LS-Dyna in order to predict the initial failure 
mode and failure location [98]. The code was physically based and experimental data 
from [98] were input into the code to define parameters instead of using a curve-
fitting-based criteria. The code was based on the Mohr-Coulomb criterion and 
included a correction for friction stresses resulting in a more accurate prediction. The 
criteria was three dimensional. 
 
Pure compression specimens fail by shear. The angle of the fracture plane with the 
through thickness direction is normally denoted as Ø, refer to Figure 3-6. For pure 
compression the loading is in the through thickness direction and the fracture surface 
should be at an angle of 45˚ which is the plane of maximum shear stress if caused 
only by shear stress. Experimentally the angle is usually 53 ± 2˚ due to the presence of 
compressive stresses acting on the fracture surface, and an associated friction stress. 
The friction stress results from micro-cracks developing in the matrix before failure 
[98]. 
 
Figure 3-6: Fracture plane for 3-D stress state [98] 
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Figure 3-7: Stresses in fracture plane [98] 
 
 
 
 
 
 
 
In 3D the stress components in Figure 3-7 are expressed as: 
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Equation 3-2 [98], Equation 3-3 [98], Equation 3-4 [98] 
 
The expression for matrix compression failure used in the code was: 
 
                                                 Equation 3-5 [98] 
 
where µT and µL are transverse and longitudinal friction-like parameters, ST is the 
fracture plane resistance against its fracture by transverse shear and SL is the 
longitudinal shear strength.  
 
Failure indicates where the matrix compression failure index fmc, is equal to unity. 
 
ST can be determined in the pure compression case using: 
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the compressive strength. Equation 3-6 [98] 
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The angle of the fracture plane in pure compression is related to the transverse friction 
parameter using the following equation:  
 
)2tan(
1
0φ
µ =T                                                                                                         Equation 3-7 [98] 
 
Fibre kinking failure is initiated by local micro structural defects, so the code 
implemented used a 3D kinking model. Linear shear behaviour was assumed and an 
initial fibre misalignment was determined from experimental data from [98]. The 
criterion used for kinking in compression was: 
        
                                              Equation 3-8  [98]                                    
 
 
 
The initial misalignment angle was deduced from experimental data by solving the 
iterative equation 
θi=θc-
abG
1
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                                                Equation 3-10 [98] 
Xc, the compression failure stress, was measured from the experiments for the 2 mm 
thick specimens. 
 
Since θi is a material property, it was only computed once and was calculated to be 3º. 
 
The model was set to run until the fibre failure time reached a failure index of 1. 
Initially the finish time was selected using trial and error (for the first model), and this 
time was then used for all subsequent models. Damping was used to stabilise the 
solution. The analysis was linear with no propagation of damage. 
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3.2.7 Model Verification 
In order to check whether the models were valid, the equilibrium in the fibre 
longitudinal direction of each model was checked at the time of failure. This is 
explained in Figure 3-8 and CFEDBA =++++                                                                  
Equation 3-11. 
 
Figure 3-8: Balance of forces acting on the specimen in 2-D in the longitudinal fibre 
direction 
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Each letter A, B, C, D, E, and F represent forces in the longitudinal direction acting on 
the specimen. A and B are the sum of the nodal forces acting in the fibre longitudinal 
direction on the surfaces of the end tabs (shear forces in the longitudinal direction). C 
is the end loading. D and F are the resultant longitudinal forces acting on the end tabs 
as a result of the end loading. E is the resultant longitudinal force acting on the CFRP 
laminate as a result of the end loading. 
From Figure 3-8, 
CFEDBA =++++                                                                                              Equation 3-11 
 
The models were also validated by checking the energy balance. For both the 2 mm 
and 10 mm thick specimen models, the external work done on the model was equal to 
the total energy in the model, see Figure 3-9. 
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Figure 3-9: Comparison of total energy and external work for the 2 mm thick 
specimen model (top) and the 10 mm thick specimen model (bottom) 
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3.3 Discussion of Model Results for 2 mm and 10 mm Thick 
Laminate for 1 Quarter Simple Models 
 
3.3.1 Locations Along the Specimen for Data Collection 
 
Data for stress analysis was taken in the longitudinal fibre direction along the edge on 
the back surface of the laminate (for most figures) at the specimen mid width for 
parallel sided specimens, see Figure 3-10. The reason for this location is explained in 
the next sub section, 2 mm thick laminate specimen model. Every fourth element was 
selected in order to view the details of the stress distribution and so that the stress 
concentrations could be viewed. 
 
Figure 3-10: Location of edge for element selection for parallel sided specimen in the 
fibre longitudinal direction 
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For the 10 mm thick laminate longitudinal and shear stress results were also taken 
along the edge at the mid width in the thickness direction (Z), see Figure 3-11, and 
also along the back surface edge in the width direction (Y), see Figure 3-12.  
 
Figure 3-11: Data taken along edge in the thickness direction, Z 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-12: Data taken along edge in the width direction, Y 
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3.3.2 2 mm Thick Laminate Specimen Model 
 
The FE results predict that initial failure occurs due to fibre kinking failure. At the 
time of fibre failure there is also damage to the matrix and the failure index for the 
matrix is 0.33. Complete matrix failure occurs later on.  
 
Figure 3-13: Location of fibre failure for the 2 mm thick laminate  
                                                                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the key shown in Figure 3-13, 1.0 represents complete fibre kinking failure; fibre 
damage is represented by numbers between 0 and 1. The failure location is on the 
back surface of the specimen at the fillet region. This is similar to the experimental 
failure location (see Figure 3-38). This is because the stress concentration effect (see 
Figure 3-16), due to the change in constraint, is sufficient to initiate failure at this 
location. Matrix failure is predicted on both the front and back surfaces of the 
laminate.  
 
Fibre failure initiation on the back surface may be because the torque is applied only 
at one face of the fixture. During preloading the specimen is compressed in the 
Back surface 
  86
through thickness direction due to the applied torque and boundary conditions 
imposed by the fixture. The torque can be converted into a direct force in the through 
thickness direction. There will be a reaction force from the fixture acting on the back 
surface of the composite in the laminate through-thickness direction. The reaction 
force acting on the back surface will be smaller than the direct applied force because 
there is also a friction force acting along the bottom of the specimen.  
 
 
Figure 3-14 : Freebody force diagram in laminate thickness direction 
 
 
 
A1 = S1 + R1                                                                                     Equation 3-12 
 
R1 < A1 by balance of forces in the laminate thickness direction 
 
The longitudinal displacement is the same along both the laminate front and back 
surface in the longitudinal direction at fibre failure. The through thickness forces due 
to the applied torque, R1 and A1, cause through thickness expansion of the laminate 
Applied force due 
to torque A1 
Reaction force 
due to applied 
torque R1 
Specimen back face 
Shear force S1 
Laminate fibre direction, x 
Laminate 
thickness 
direction, 
z 
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in the gauge section. Al causes displacement of the laminate back surface in the 
positive z direction and R1 causes displacement of the front surface in the negative z 
direction. The through thickness displacement, due to the applied torque, will be 
larger at the back surface of the specimen, due to A1 being larger (see Equation 3-12). 
This causes a greater difference in through thickness displacement between the gauge 
section and the clamped section along the laminate back surface. This will generate 
larger shear stress Lτ along the back surface using the expression given for shear 
stress, Equation 4. 
 
The equation for shear strain in the laminate xz direction is given by the expression: 
  
                                                                                                                                                                      
                                                                                                                           Equation 3-13 [78] 
 
At the end tab termination region the term 
x
w
∂
∂
 in Equation 3-13 increases at the end 
of the end tab termination region, due to the change in boundary conditions as the 
laminate is allowed to expand freely unlike in the clamped section. This means the 
shear stress is highest in this area. 
 
Fibre kinking failure occurs due to failure by end loading of the fibres, since the fibres 
carry the compression load. This is related to the shear strength of the composite and 
the stress in the fibre transverse direction. Overall specimen failure is due to a 
combination of matrix and fibre failure; the model shows that fibre failure occurs first 
at a peak longitudinal stress of 917 MPa (see Figure 3-16). Fibre failure could trigger 
matrix failure because the matrix is weaker in carrying end load and once the fibres 
have failed all the end load is transferred to the matrix. 
 
Predicted fibre failure occurs at a lower stress than the input specimen failure 
compression strength of 1500 MPa. This is partly due to the initial fibre misalignment 
angle of approximately 3˚ input in the failure criteria model. Also, fibre kinking 
failure is due to a combination of the longitudinal compression stress and shear stress, 
see Equation 3-8. This is presented as a graph in Figure 3-15, showing the failure 
envelope for combined longitudinal compression and longitudinal shear failure. The 
z
u
x
w
xz
∂
∂
+
∂
∂
=γ
  88
figure, determined using the failure criteria code for the input parameters presented in 
the FE section (3.2.5), shows a linear relationship between the longitudinal 
compression stress and the longitudinal shear stress at failure. The data presented in 
Figure 3-16 along a line in the specimen; the average longitudinal stress at the 
specimen cross section (at the mid-length of the specimen) was 847 MPa at the time 
of fibre failure. This is approximately 8% less than the peak longitudinal stress and is 
lower due to the stress concentration at the end of the fillet region. 
 
Figure 3-15: Failure envelope for combined longitudinal compression and 
longitudinal shear failure 
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Figure 3-16: Longitudinal stress results on the front face and back face of the 2mm 
thick carbon composite in the longitudinal fibre direction at the specimen mid-width 
at the time of matrix and fibre failure 
 
Figure 3-16 shows that the predicted longitudinal stresses at which matrix failure 
occurs are almost double the stresses at which fibre failure occurs. Also the predicted 
shapes of the graphs are different. The main difference is the larger difference in 
stress between the peak at the start of the resin fillet region and the peak at the end of 
the resin fillet region for matrix failure. It suggests that matrix failure has a greater 
influence on the overall peak stresses than fibre failure.  It is important to consider the 
stresses at the time of matrix failure because this represents composite failure at the 
time when fibre and matrix failure are coincident and the fibres are perfectly aligned. 
 
In reality the peak longitudinal and shear stresses will be lower due to manufacturing 
defects in the resin fillet part of the reverse chamfer specimen design. These defects 
could be voids in the resin fillet or inaccuracies in the geometry of the fillet such as 
the edges not being well defined.  
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Figure 3-17: Shear stress results in the longitudinal thickness direction on the front 
face and back face of the carbon composite in the longitudinal fibre direction at the 
specimen mid-width at the time of matrix and fibre failure 
 
 
The predicted shear stresses in Figure 3-17 show positive shear stresses on the back 
face of the laminate and negative shear stresses on the front face of the laminate. This 
is because on the back face, the laminate expands in the positive z (through thickness) 
direction and on the front face the laminate expands in the negative z direction, see 
Figure 3-18. This determines the direction of the shear stress. 
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Figure 3-18: Direction of shear stress τxz for an element in pure shear on the front face 
of laminate (a) and the back face of laminate (b), considering only through-thickness 
deformation 
 
 
The shear stresses are higher at matrix failure compared to fibre failure because the 
higher longitudinal loads contribute towards higher shear stresses due to the Poisson’s 
effect. Greater longitudinal loading means that through-thickness expansion will be 
greater in the gauge section compared to the clamped section by Poisson’s effect, 
therefore τxz will be higher with greater longitudinal loading. 
 
The through thickness stresses are not high enough to cause failure, as shown in 
Figure 3-19. 
 
Figure 3-19: Through-thickness stress results at time of fibre failure, t=0.009 
 
 
 
 
 
 
 
 
 
 
 
τxz τxz 
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The graph in Figure 3-16 shows an increase in longitudinal stress along the length of 
the laminate.  
 
By Hooke’s law the longitudinal stress in a composite is determined using: 
 
z
CyCxC εεεσ 1312111 ++=                                                                       Equation 3-14 [24] 
 
The equations for strains are: 
x
u
x ∂
∂
=ε                                                                                                                  Equation 3-15 [24] 
 
yy ∂
∂
=
υ
ε                                                                                                                 Equation 3-16 [24] 
 
zz ∂
∂
=
ω
ε                                                                                                                Equation 3-17 [24] 
 
The expressions for the stiffness constants are: 
 
∆
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133221133132232112 21
EEE
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=∆                                       Equation 3-21 [24] 
 
Along the length of the specimen εx increases in the carbon composite towards the 
gauge section because the applied torque for the inner bolt is less, this means that the 
frictional force on the specimen surface will be smaller in at the inner bolt location 
compared to the outer bolt location. This allows more displacement in the longitudinal 
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direction towards the gauge section, and the epoxy fillet at the end of the end tab also 
allows more displacement compared to at the end of the specimen.  
 
εy and εz are constant for the overall specimen along the specimen length up to the end 
of the end tab because no through thickness expansion is possible due the constant 
boundary conditions. Considering the terms in z
CyCxC εεεσ 1312111 ++=
                                        
Equation 3-14, this means that the change in σx in the clamped part of the specimen is 
due to a change in εx. 
 
The increase in longitudinal stress along the specimen length is due to the increase in 
εx along the length of the composite. The peak stress arises due to the change in 
boundary conditions because the laminate displacement in the gauge section is 
independent of the end tab since the two are not bonded together in this section and 
there are no frictional stresses acting in the gauge section. 
 
Figure 3-17 shows an increase in shear stress in the longitudinal though thickness 
direction along the carbon composite length.  
 
By Hooke’s law the shear stress in the longitudinal thickness direction in a composite 
laminate is determined using: 
 
zx
C
zx
γτ 55=                                                                                                       Equation 3-22 [24] 
 
1355 GC =                                                                                              Equation 3-23 [24] 
 
Considering Equation 3-13, the through thickness displacement of the carbon makes 
the laminate mostly expand in the through thickness direction up to the end of the end 
tab by Poisson’s effect, expanding increasingly towards the gauge section, and only 
changes significantly in the fillet region where the greatest through thickness 
expansion takes place. The carbon laminate is able to expand within the specimen up 
to the gauge section because the end tabs are generally compressed through the 
thickness within the specimen, since the specimen cannot expand overall due to the 
clamping constraints.  
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The longitudinal displacement with respect to the through thickness direction varies 
insignificantly along the laminate length because the boundary conditions are fairly 
constant, with the greatest change being just before the start of the gauge section. This 
is because the resin fillet bonded to the laminate just before the start of the gauge 
section changes the boundary conditions. The increase in the shear stress in the 
longitudinal through thickness direction along the specimen length is therefore due to 
the change in through thickness displacement with respect to the longitudinal 
direction. This displacement generates shear strains, resulting in shear stresses, see    
Equation 3-22. 
 
3.3.3 10 mm Thick Laminate Specimen Model 
 
Figure 3-20 shows that the longitudinal stresses which cause matrix failure are 
approximately 1.7 times as large as the stresses which cause fibre kinking failure. The 
predicted results suggest that final failure is due to a combination of both shear and 
longitudinal failure, the same as for the 2 mm thick laminate. Fibre kinking failure 
occurs when the peak longitudinal stress reaches 906 MPa, this is 2% less than the 
peak longitudinal stress for fibre kinking failure in the 2 mm thick laminate. The 10 
mm thick laminate is predicted to finally fail around 1500 MPa, when matrix failure 
occurs. This is approximately 13% lower than the longitudinal matrix failure stress for 
the 2 mm thick specimen. 
 
The average stress in the gauge section (at the centre of the specimen) was 634 MPa, 
25% less than the average stress at the gauge section for the 2 mm thick specimen. 
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Figure 3-20: Longitudinal stress results on the front face and back face of the carbon 
composite in the longitudinal fibre direction at the specimen mid-width at the time of 
matrix and fibre failure, 10 mm thick specimen 
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The predicted surface for failure (being the back surface of the laminate) and failure 
mode for the 10 mm thick laminate is the same as for the 2 mm thick laminate, see 
Figure 3-21. This is because the loading and boundary conditions are the same as for 
the 2 mm thick laminate. It means that the balance of forces shown in Figure 3-12 will 
be the same. 
 
Both the longitudinal shear stress and through thickness stresses are predicted to be 
greater for the 10 mm thick laminate. The through thickness stresses are predicted to 
be larger by a greater amount. τ
 xz at the failure location is 10% larger, τxy is the same, 
and the maximum through thickness stress is 48% larger for the 10 mm thick laminate 
compared to the 2 mm thick laminate, see Figure 3-22. This is due to the Poisson’s 
effect since the expansion in the through thickness direction causes σz to be larger. 
Frictional effects are greater in the thicker specimen since it has a larger surface area 
at the end of the specimen where the end is in contact with the fixture; this is why τxz 
is larger. 
 
Gauge section 
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Figure 3-21: Location of failure for 10 mm thick laminate at failure time and fibre 
failure index at the time of fibre failure 
 
 
 
 
 
 
 
 
Figure 3-22: Through-thickness stress results at the time of fibre failure 
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Figure 3-23: A comparison of stress results for the 10 mm and 2 mm thick laminate in 
the fibre longitudinal direction, at time of fibre failure, on the back surface 
 
-1000
-900
-800
-700
-600
-500
-400
-300
-200
-100
0
0 5 10 15 20 25 30 35 40 45
X Coordinate (mm)
Lo
n
gi
tu
di
n
a
l s
tr
e
s
s
 
(M
Pa
)
10 mm
2 mm
 
 
Figure 3-23 indicates that different σx stress distributions are predicted for the 10 mm 
and 2 mm thick laminates on the back face of the specimen at the time of fibre failure. 
The peak longitudinal stress is negligibly higher for the 2 mm thick laminate. The 
main differences are the lower stresses in the gauge section for the 10 mm thick 
laminate, the location along the specimen length where the peak longitudinal stress 
occurs, and the higher stresses along the clamped section for the 10 mm thick 
laminate. 
 
Lower stresses in the gauge section for the 10 mm thick laminate is due to premature 
failure. The peak stress in the 10 mm thick laminate occurs outside the gauge section 
in the clamped section of the specimen, just at the start of the end tab fillet region 
outside the gauge section.  
 
Gauge section 
Failure location, 10 mm 
Failure location, 2 mm 
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Failure in the 2 mm thick laminate occurs at the end of the end tab fillet region just 
within the gauge section. Failure in the 10 mm thick laminate occurs at the start of the 
end tab fillet region, just outside the gauge section. This may be due to the different 
laminate thicknesses, which due to the Poisson’s effect, causes different amounts of 
through-thickness expansion (see Figure 3-24 for comparison of predicted through 
thickness displacements which shows this). There will be greater through thickness 
expansion in the 10 mm thick laminate. As shown in Figure 3-24, a greater range of 
through-thickness displacement is predicted for the 10 mm thick laminate specimen, 
due to the Poisson’s effect. Ultimately this would cause the fibres or elements in the 
model to be less aligned in the longitudinal direction compared to the 2 mm thick 
laminate model. This lack of alignment would affect the longitudinal compression 
strength since it could result in stresses in the transition zone (resin fillet region). 
 
Figure 3-24: Through thickness nodal displacement in the 2 mm and 10 mm laminate 
specimens at the time of fibre failure (mm) 
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Assuming the longitudinal failure strain of 1.74% (taken from experimental results for 
the 2 mm thick specimens) is the same for both laminates, and using the same through 
thickness Poisson’s ratio ν21 of 0.02 for both laminates since the material properties 
are the same,  
 
ν31=ν21 assuming transverse isotropy 
 
ν13=ν31 x (E11/E33)                                                                                      Equation 3-24 
 
ε3   =ν13 x 0.0174                                                                                         Equation 3-25 
ε3 = 0.00533 = 
thicknessatelaOriginal
ansionthicknessThrough
min
exp
                                              Equation 3-26 
 
The expansion in the 10 mm laminate will be approximately 0.0534 mm and the 
expansion in the 2 mm thick laminate will be approximately 0.0107 mm. There is a 
400% difference, taking the 2 mm thick expansion result as the baseline. 
 
It is reasonable to assume that the longitudinal failure strain is the same for both 
laminates from the predicted strains at the failure locations, see Figure 3-25.  However 
this is only a theoretical calculation and the real through thickness expansions will be 
different because the through thickness strains along the length of the specimen are 
not uniform and the failure locations in the experiments are very different. 
 
The 10 mm thick laminate has higher longitudinal stresses along the clamped length 
since the failure load (extrapolated from the failure time) is approximately 3.5 times 
higher. This is the cause for higher longitudinal strains in the thicker specimen along 
most of the specimen length since the ratio of end loading to shear loading is higher 
for the thicker specimen, resulting in higher longitudinal stresses. The higher 
longitudinal strains in the clamped section in the 10 mm thick laminate specimen are 
indicated in Figure 3-25. 
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Figure 3-25: Longitudinal strains at fibre failure in  
(a) 10 mm thick laminate specimen and (b) 2 mm thick laminate specimen 
                                                 
 
 
 
 
 
 
 
 
 
 
Figure 3-26: A comparison of ZX stress results for the 10 mm and 2 mm thick 
laminate, at time of fibre failure, on the back surface of the laminate 
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As shown in Figure 3-26, the predicted shear stresses for the 10 mm thick laminate 
are significantly higher compared to the 2 mm thick laminate. This is due to greater 
through-thickness expansion of the 10 mm thick laminate by the Poisson’s effect. This 
causes greater distortion of elements in the through thickness direction and generates 
higher shear stresses. 
 
Figure 3-27: Variation in the longitudinal stress in the 10 mm thick laminate in the 
laminate thickness direction (Z) at the centre of the gauge section 
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Figure 3-28: Variation in longitudinal stress in the 10 mm thick laminate in the 
laminate width direction (Y) at the centre of the gauge section 
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Figure 3-27 shows the variation in longitudinal stress in the carbon laminate with 
thickness for the 10 mm thick laminate; 0 in the thickness direction represents the 
front surface of the laminate and 10 represents the back surface of the laminate in the 
thickness direction. Data is taken along the edge shown in Figure 3-11; the transverse 
boundary conditions are constant along this specimen edge. The FE results predict an 
increase in longitudinal stress towards the front and back surface of the laminate. This 
increase is due to greater expansion in the thickness direction at the surface of the 
laminate as the end tabs contract compared to at the centre of the laminate thickness; 
this produces a greater through-thickness strain so the longitudinal stress at the 
surface will be higher (see z
CyCxC εεεσ 1312111 ++=
                                        
Equation 3-14). A large variation in longitudinal stress of 25% (compared to the stress 
at the central thickness of the laminate) is predicted. This variation is due to the large 
difference in displacement due to the large thickness of the laminate, i.e. the Poisson’s 
effect.  
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Figure 3-28 shows the predicted variation in longitudinal stress in the carbon laminate 
with increasing width along the back surface of the laminate; 0 in the width direction 
represents the mid width of the laminate and 5 represents the edge of the laminate. 
Data is taken along the edge shown in Figure 3-12; the through-thickness boundary 
conditions are constant along this specimen edge. The results are different compared 
to longitudinal stress results in the laminate thickness direction in that the maximum 
longitudinal stresses occur at the centre of the specimen (but in the fibre transverse 
direction). This is because of the different boundary conditions imposed at the surface 
at the maximum thickness and maximum width locations. Considering the stress 
variation only in the width direction, the longitudinal stress reduces rapidly beyond 
Y=2.5 mm. This is because the fibre transverse expansion is larger at the mid-width 
where the boundary conditions do not prevent transverse displacement, therefore the 
transverse strains at the mid-width, εy, will be larger. Considering                               
Equation 3-14, this means that the longitudinal stresses will be larger at the mid-width.  
 
 
3.4 Comparison of 1 Quarter Simple Model and 1 Quarter Complex 
Model 
 
One quarter of the end block in the fixture was modelled in order to consider the 
effect of the model boundary conditions on the stress distribution in the specimen in a 
complex model. The part of the grip that was included was the section surrounding the 
maximum width of the specimen, see Figure 3-29. The boundary conditions 
preventing transverse displacement at the maximum width of the specimen (in the 
simple model) were removed. Instead a contact option, including static and dynamic 
friction coefficients (the same as other contact locations) was placed between the end 
block and the specimen and also the end block and the clamping block.  
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Figure 3-29: 1 quarter complex model with the end block surrounding the maximum 
width of the specimen and the clamping block 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4.1 2 mm Thick Laminate Specimen 
 
Figure 3-30 shows that the predicted stress results for both models are different. The 
stress distributions are similar along most of the specimen length but the complex 
model predicts slightly more conservative values in the gauge section. The results for 
the simple model are higher due to more compaction caused by the imposed fixed 
boundary conditions on the side faces of the specimen instead of the fixture 
surrounding the specimen which is modelled in the complex model. In the complex 
model there is interaction between the specimen and the fixture, reducing the amount 
of compaction. Also, the complex model includes friction between the end block and 
the specimen. This reduces the longitudinal displacement of the specimen at the edge 
where the width is maximum. Therefore the longitudinal strains and stresses will be 
lower compared to the simple model at the maximum width location.  
 
End block surrounding specimen 
and clamping block instead of 
imposing boundary conditions in 
the y direction 
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Since the analysis time is significantly less using the simple model, it was decided to 
continue to use this concept for all further analyses. Also the simple model is still 
useful for determining the approximate stress distribution and the location of 
specimen failure. 
 
Figure 3-30: Comparison of longitudinal stress results for a 2 mm thick laminate 
specimen using the simple model and complex model at the time of fibre failure 
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Figure 3-31: Comparison of longitudinal shear stress results for a 2 mm thick laminate 
specimen using the simple model and complex model at the time of fibre failure 
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Figure 3-31 shows that the τxz predicted shear stresses for both the simple model and 
the complex model are very similar. The predicted shear stresses for the complex 
model are slightly more conservative due to the reasons already mentioned. 
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3.4.2 10 mm Thick Laminate Specimen 
 
Figure 3-32: Comparison of longitudinal stress distribution for 10 mm thick laminate 
for the simple model and the complex model 
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Figure 3-32 shows that similar to the 2 mm thick laminate models, the complex model 
predicts more conservative values for σx compared to the simple model for the 10 mm 
thick laminate. 
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Figure 3-33: Comparison of longitudinal shear stress results for a 10 mm thick 
laminate specimen using the 1 quarter model and 1 half model 
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As shown in Figure 3-33, the peak ZX shear stress is predicted to be slightly higher in 
the 1 half model. The shear stress distribution along most of the clamped section is 
also predicted to be higher. These differences are not significant. 
 
  
3.5 Background to Experiments 
 
The 2 mm, 6 mm and 10 mm thick laminate specimens using the reverse chamfer 
parallel sided design were tested experimentally. This was in order to verify the FE 
predictions in terms of the failure location and failure stresses for the 2 mm and 10 
mm specimen thicknesses. 
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3.5.1 Manufacturing the Laminates 
 
Unidirectional laminates with thicknesses of 2 mm (16 plies), 6 mm (48 plies) and 10 
mm (80 plies) were manufactured from T300/914 and IM7/8552 prepreg. The 
nominal thickness of each layer was assumed to be 0.125 mm. 
 
Square sections of unidirectional composite of size 300 mm by 300 mm were cut from 
prepreg rolls using an aluminium template. The plate was lined up with the fibre 
direction. The prepreg sections were laid up in stacks of four and placed under 
vacuum and then stacked in multiples of four and placed under vacuum until all the 
layers were stacked to form a single laminate. 
 
The prepreg layers were placed in the autoclave for curing, see Figure 3-34. The cure 
cycle varied according to the composite type and thickness; advice from the 
manufacturer Hexcel was followed. A wooden frame was placed around the laminate 
to prevent any resin from leaking out from the laminate during the cure cycle. Any 
resin loss affects the fibre volume fraction and may result in the formation of voids in 
the laminate. In all cases a 6 mm thick pressure plate was used. 
 
For all laminates the cure cycle was the same as the laminates were dwelled together 
in the same autoclave run. The temperature was first raised to 130˚C to dwell the 
laminate for 45 minutes at a pressure of 20 psi and then raised to 175˚C to dwell the 
laminate for 1 hour at a pressure of 80 psi. The laminates undergo post curing at 
190ºC for 4 hours as advised by the manufacturer. The laminates were then cooled to 
60˚C.  
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Figure 3-34: Cross section of autoclave set-up  
 
 
 
3.5.2 Non-Destructive Testing 
 
Ultrasonic C-Scanning was used to check for defects in the laminate. A probe of 
10MHz was used, placed 10 cm above the laminate. The laminate was placed flat 
submerged in a tank of water. 
 
The attenuation of the returned signal was measured. Defects such as voids and cracks 
would have caused full attenuation to the signal. Uniform low attenuation, which was 
typically observed, indicated a good quality laminate. An example of a C-Scan is 
shown in Figure 3-35. 
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Figure 3-35: C-Scan of a 2 mm thick laminate showing no defects 
 
 
Further C-scans can be found in Appendix 2. 
 
3.5.3 Specimen Manufacturing 
 
In order to cut specimens from the laminate the edges are first trimmed because the 
resin builds up in the edges affecting the uniformity of the panel thickness. The 
thickness variation needs to be less than 10% in order to assume parallel top and 
bottom surfaces of the laminate, according to ASTM D3410. Grinding is required to 
make the top and bottom surfaces of the laminate flat and parallel. 
 
The end tabs and fillet must be glued onto the sub-laminate together before the 
specimen widths can be cut. Four end tab laminates and two PTFE 
(Polytetrafluoroethylene) insert strips are cut down to the exact width of the sub-
laminate in the fibre transverse direction using the dry saw.  The insert strips are 
required in order to create the 45˚ resin fillet. One end of the end tabs should be 
chamfered at 45˚. The surface of the sub-laminate and the end tabs must then be grit 
blasted. Solvent is used to clean the end tabs and sub laminate. The end tabs and fillet 
are bonded to the laminate on one face at a time. The face of the end tab which is not 
being glued should be covered with waterproof tape for protection from the glue. The 
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gauge section should be covered using waterproof tape with a width of 6.5 mm on 
both sides of the laminate also for protection from the glue.  
 
The ratio of adhesive to hardener should be 100:27 parts and a total weight of 21g. 
The end tabs are glued on using Araldite 2011 (2 mm thick laminate) and 3M 
Scotchweld adhesive (10 mm and 6 mm thick laminates); it is important that the 
adhesive is spread evenly and not too thickly. After initial tests on 2 mm thick 
laminate specimens using Araldite 2011 and 3M Scotchweld, it was decided to use 
3M Scotchweld for all future laminates instead, see Chapter 5: Parametric Study for 
Design Improvement. The adhesive is applied to both the sub-laminate and the end 
tabs. The end tabs should be carefully placed onto the sub laminate one at a time, 
aligning them with the gauge section and the sub-laminate edges. Any excess glue in 
the gauge section is removed with a lollipop stick but this should be done slowly to 
prevent the formation of air pockets.  
 
Once the end tabs have been placed onto the sub-laminate the waterproof tape over 
the gauge section is removed. The fillet is produced using a PTFE strip which is cut at 
45˚ angles at the edges, see Figure 3-36. The edges of the strip are first sanded using 
P1000 Silicone-carbide A grade sand paper to make sure that the fillet it creates will 
be smooth and accurately made. Solvent is used to clean the PTFE insert. Sufficient 
adhesive to form the fillet is smeared along the edges and the strip is placed along the 
gauge section between the two end tabs. It should be pressed down firmly and the end 
tabs should remain aligned with the carbon sub laminate. The sub laminate is then put 
under vacuum overnight with the freshly glued end tabs face down. The corners 
should be kept in place by putting cork tape around them; the tape should not stand 
proud of the sub laminate.  
 
The bonding procedure should be repeated on the other face of the sub laminate. It is 
important that the end tabs are aligned with the end tabs bonded on the other side in 
order for the gauge section to be kept clear and clearly defined. 
 
Specimen widths are then cut from the laminate using a wet-saw. The top and bottom 
of the sub-laminate were ground before parting off the individual specimens. Also, 
each time a specimen was parted off, the cut edge of the sub-laminate was re-ground, 
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in order to maintain (as accurately as possible) a datum surface for cutting the next 
specimen and then grinding its other edge. 
 
Figure 3-36: Cross section of placement of PTFE strip for producing adhesive fillet 
 
 
 
 
 
 
 
 
 
 
3.5.4 Test Procedure 
 
The test procedure involves three main steps of (i) attaching strain gauges to the 
specimen, (ii) preloading the specimen in the through-thickness direction via 
clamping bolts with a specific torque and (iii) end loading via a constant cross head 
speed. Strain gauges are bonded to the front and back surfaces of the gauge section; 
the strain data is used to measure the elastic modulus and out of plane bending of the 
specimen.  
 
The strain gauges used in the experiments were from Tokyo Sokki Kenkyujo Co. of 
the type FLA-2-11 with a length of 2 mm. In order to attach the strain gauges to the 
gauge section, the region must first be degreased to ensure proper bonding. The strain 
gauge is then attached to the composite laminate using Cyanoacrylate adhesive. The 
strain gauge must be carefully placed so that the vertical edges are parallel with the 
specimen. Connecting wires are attached to the strain gauges using a soldering iron, 
and then attached to a data logger which contains a Wheatstone bridge. A strain 
calibration factor is input into the Imperial Data Acquisition program, this is 
End tab 
 
Vacuum table 
PTFE insert 
Laminate 
10mm 
Adhesive 
fillet 
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determined from the type of strain gauge used. The data logger records strain, 
displacement and load at a rate of 1 set of data per second.  
 
In order to preload the specimen correctly, the specimen is positioned in the upper and 
lower grips with the clamping blocks in place and the clamping screws are then 
tightened, see Figure 3-37. The hardened steel plate is placed under the fixture and the 
cross head is slowly moved upwards until the plate is just in contact with the lower 
grip. The clamping bolts are loosened and a small end load of 500 N is applied to 
align the specimen and ensure contact between the specimen ends and the grips. 
Torque is applied to the inner and outer bolts of 5 Nm and 10 Nm respectively using a 
torque wrench. The small end load of 500 N is then removed. 
 
Figure 3-37: Photograph of ICSTM fixture 
 
 
 
The specimen is then end loaded until failure at a cross head displacement rate of 1 
mm per minute using a screw driven Zwick 1488 universal testing machine with a 
load capacity of 200 kN. 
 
The ultimate compression strength is determined by dividing the specimen failure 
load by the cross sectional area at the gauge length. The modulus is obtained using the 
strain data. A graph is plotted of stress versus strain and the gradient of the slope 
represents the modulus. The strain range used to determine the modulus was from 
1000 to 3000 micro strain. According to ASTM standard D3410 [3], the percentage 
variation between the two strains must be below 10% in order for the modulus and 
strength data to be valid. 
 
Lower 
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3.6 Experimental Results for the Parallel Sided 2 mm Thick Laminates 
 
Five readings were taken of the specimen width and thickness at the gauge section. 
The mean averages were then recorded and used to determine the ultimate failure 
stress using the ultimate failure load, see Table 3-4. 
 
Table 3-4: Specimen dimensions and failure results for reverse chamfer 2 mm thick 
laminate specimens, T300/914 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Load 
(kN) 
Ultimate 
Stress 
(MPa) 
Failure 
mode 
Modulus 
(GPa) 
2 9.707 2.14 -30.26 -1456.7 TAT 116.7 
3 9.740 2.15 -30.22 -1443.1 TAB 119.7 
4 9.780 2.15 -29.59 -1402.1 TAB  
5 9.757 2.16 -31.37 1488.5 HAT  
6 9.747 2.17 -31.71 1499.2 TAB  
9 9.750 2.17 -31.69 1497.8 HAB  
10 9.777 2.16 -28.72 1360.0 TAB  
11 9.673 2.18 -26.02 1233.9 TAT  
12 9.743 2.19 -31.94 1450.0 TAB  
13 9.723 2.19 -26.92 1217.3 HAB  
Average Ult Stress -1399.9 MPa, SD 108.9 MPa, Average Modulus 118.2 GPa 
 
Figure 3-38: Failed 2 mm thick laminate specimens with failure mode for each 
specimen, T300/914 
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The key to the failure modes can be found in Appendix 1. The most common failure 
mode was TAB, see Figure 3-38. This is an acceptable failure mode as are TAT, HAT 
and HAB. Transverse shear failure (“T”) was a common feature; it occurs as a result 
of initial shear failure of the matrix and is typically observed in kink banding failure. 
Failure along the grip/tab (“A”) was the most common feature; it occurs because this 
is the region where the longitudinal and shear stress concentrations are present. 
Failure at the bottom of the gauge section (“B”) which was also common is also due 
to a high stress concentration at the end of the gauge section. Failure at the top or 
bottom may be due to a geometric misalignment in the specimen or may be related to 
the asymmetry caused by transverse shear failure. 
 
Assuming that the model specimen will finally fail when matrix failure occurs (refer 
to            Equation 3-5) and not when fibre failure occurs because failure usually 
occurs due to combined shear and longitudinal failure, the average ultimate stress 
from the experiments (1400 MPa) is lower than the predicted final failure stress in the 
FE model (1600 MPa). Although the FE model uses conservative boundary conditions, 
the reason for this is the imperfections in the real laminate, which are not included in 
the model. Also the model uses 3M Scotchweld material properties for the resin fillet 
and not Araldite 2011 which was used for the set of experiments presented. In a later 
section (5.4) experimental results are presented for 2 mm thick specimens which use 
3M Scotchweld adhesive instead of Araldite 2011. 3M Scotchweld was selected 
because a higher compression strength was measured for specimens using this 
adhesive. The measured compression strength for this design was 1527 MPa which is 
a little closer to the predicted FE resul of 1600 MPa.  
 
Table 3-4 shows a wide variation in compression strength results for a 2 mm thick 
laminate. This may be due to the large range of factors involved in compression 
testing including the accuracy of the manufacturing of the laminate and specimen, 
imperfections in the specimen such as fibre misalignment and variation in fibre 
volume fraction and how accurately the test procedure is followed.  
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Figure 3-39: Strain results, 2mm thick laminate specimen 3 
 
 
Figure 3-39 shows excessive divergence in the strain readings. This means that there 
was excessive out-of-plane bending. This occurred because the specimen set was not 
ground across the end tabs, meaning that the end tabs were not parallel to the laminate 
surface. This was the first set of experiments and it was only after the experiment was 
conducted that it was realised that grinding of the end tabs was necessary. It was the 
worst case example of divergence. The manufacturing was corrected and the strain 
divergence for further experiments was reduced, see Appendix 3. 
 
3.7 Experimental Results for the Parallel Sided 6 mm Thick Laminates 
 
Tests were carried out on specimens with a thickness of 6 mm in order to investigate 
the behaviour of laminates between 2 mm and 10 mm thick. The width and thickness 
at the gauge section was measured before testing. Nine specimens were tested, four of 
these had strain gauges attached. 
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Table 3-5: Specimen dimensions and failure results for 6 mm thick specimens 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Load 
(kN) 
Ultimate 
stress 
(MPa) 
Failure 
mode 
(see 
appendix 1) 
Modulus 
(GPa) 
1 9.81 5.78 -62.22 -1097.3 HIB 111.4 
2 9.90 5.85 -65.34 -1139.7 HIT 115.3 
3 9.79 5.89 -67.66 -1173.7 HIB  
4 9.81 5.93 -69.88 -1200.9 HIB  
5 9.81 5.98 -68.89 -1174.3 HIB  
6 9.83 5.77 -65.83 -1160.6 HIB 115.0 
7 9.80 5.75 -66.38 -1178.4 HIT 114.4 
8 9.80 5.75 -66.99 -1188.8 HIT  
9 9.58 5.75 -63.06 -1144.4 HIB  
Average Ult Stress -1162.0 MPa, SD 31.2 MPa, Average Modulus 114.0 GPa, SD 1.79 GPa 
All of the failure modes were non valid, developing from through thickness cracks 
inside the gripped area. Due to premature failure, the average measured strength was 
17% lower than the average measured for the 2 mm thick parallel sided specimens. 
The average modulus measured was 3.6% lower than that for the 2 mm thick parallel 
sided specimens but when the standard deviation of both sets of data is taken into 
account there is not difference in the measured modulus. 
 
For specimens 1 to 3 the failed surfaces were flat and fairly smooth, see Figure 3-40. 
These specimens also measured some of the lowest failure strengths. 
 
Figure 3-40: Failed 6 mm thick laminate specimens for T300/914 
(a) front view                                                              (b) side view 
 
  
 
 
3.7 Experimental Results for the Parallel Sided 10 mm Thick Laminates 
 
As for the 2 mm and 6 mm thick laminate specimens, the width and thickness at the  
 
 
 
gauge section was measured before testing. 1      2       3       4      5        6       7     8     9 
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 3.8 Experimental Results for the Parallel Sided 10 mm Thick Laminates 
 
As for the 2 mm and 6 mm thick laminate specimens, the width and thickness at the 
gauge section was measured before testing. 
 
Table 3-6: Specimen dimensions and failure results for 10 mm thick specimens 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Load 
(kN) 
Ultimate 
stress 
(MPa) 
Failure 
mode 
Modulus 
(GPa) 
1 9.91 10.24 -92.53 -912.1 HIB 115.9 
2 9.90 10.15 -91.02 -906.1 HIB 115.4 
3 9.89 10.11 -92.39 -924.3 HIB  
4 9.88 10.05 -92.43 -930.6 HIB  
5 9.87 10.03 -93.16 -941.4 HIB  
6 9.73 10.08 -94.08 -959.6 HIT 113.7 
7 9.72 10.10 -99.97 -1018.3 HIB 114.7 
8 9.69 10.09 -96.41 -992.9 HIB  
9 9.69 10.09 -94.70 -968.6 HIT  
Average Ult Stress -950.1 MPa, SD 37.9 MPa, Average Modulus 114.9 GPa, SD 0.95 GPa 
  
 
Figure 3-41: Failed 10 mm thick laminate specimens for T300/914 
(a) front view                                                           (b) side view 
 
The most common failure mode was HIB, an unacceptable failure mode, see Figure 
3-41. Through thickness failure (“H”) was common, most likely because the strength 
in this direction is weaker compared to the strength in the fibre longitudinal and 
transverse directions. In theory transverse isotropy is assumed but in practice failure 
may be due to manufacturing defects such as fibre misalignment between the laminate 
Through thickness failure 
inside the end tab 
Crack develops at an angle through 
the thickness 
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layers. Through-thickness failure was more common for the thicker laminate because 
there are more prepreg layers and therefore the probability of the presence of defects 
is higher.  
 
Inside grip (“I”) failure, which was predicted by the FE study, may have been due to 
the Poisson’s effect where through thickness expansion occurred. Greater through-
thickness expansion would have occurred in the 10 mm thick specimen compared to 
the 2 mm thick specimen due to Poisson’s effect; this would have caused large 
through thickness stresses to develop in the 10 mm thick laminate in the clamped 
section thus affecting the longitudinal stresses in the laminate, see                               
Equation 3-14. The bottom (“B”) of the specimen was the most common location 
probably due to misalignments in the fixture or imperfections in the laminate. 
 
The variation in failure strength was small because the failure type was the same in all 
cases. This suggests failure due to a common weakness in all the specimens. Since 
there was some variation in the specimen width, the results suggest that the failure 
was not related to this. Again this suggests the failure may have been related to 
misalignments in the fixture or an imperfection in the laminate at the failure location 
not detectable from the c-scan. 
 
Similar to the 2 mm thick specimen, the experimental failure stress for the 10 mm 
thick specimen (950 MPa) was lower than the predicted FE failure stress (1500 MPa), 
see section 3.3.3. The larger difference compared to the results for the 2 mm thick 
specimen is likely to be because of more imperfections present in the thicker laminate 
including voids and fibre misalignment. The experimental results for the 10 mm thick 
parallel sided specimens were approximately 32% lower than average results for the 2 
mm thick parallel sided specimens. The average modulus was 3% lower compared to 
the 2 mm thick parallel sided specimens but taking the standard deviations of both 
sets of data into account the modulus are the same. 
  
The predicted location of failure for the 10 mm thick specimens is quite similar to the 
location in the experiment as both are outside the gauge section, although it occurs 
closer to the end of the specimen for most specimens in the experiments. The through 
thickness stress is locally higher closer to the end of the specimen due the torque on 
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the outer bolt being greater. This causes higher though thickness strains and results in 
higher longitudinal stress locally, see z
CyCxC εεεσ 1312111 ++=
                                        
Equation 3-14 and Figure 3-24. This is applicable to the 10 mm thick specimens and 
not the 2 mm thick specimens because by the Poisson’s effect the through-thickness 
expansion in the thicker laminate is approximately 4 times more than for the thin 
laminate in the gauge section. Therefore it is likely that the expansion at the end of the 
specimen will also be greater for the thicker laminate. 
 
 
3.9 Conclusions 
 
The experimental and computational results are in reasonable agreement considering 
the stresses in the FE models at matrix failure time. Both show that a 2 mm thick 
laminate specimen will fail towards the end of the gauge section; this is because of the 
stress concentration present at the end of the end tab. Using 3M Scotchweld adhesive, 
the measured experimental compression strengths for the 2mm, 6mm and 10 mm 
thick batches were 1527 MPa, 1162 MPa and 950 MPa respectively. The FE results at 
matrix failure predict stresses of around 1650 MPa and 1500 MPa for the 2 mm and 
10 mm thick specimens respectively. Both the experimental and FE results show a 
downward trend with increasing thickness.  
 
The 10 mm thick laminate specimen fails outside the gauge section, occurring in the 
clamped section for the experiments and just beyond the gauge section in the model. 
This difference may be due to the assumptions made in the model; mainly that the 
specimen is perfect and the fixture is perfect. The computational results suggest that 
the difference in failure location for the different laminate thicknesses is due to greater 
through-thickness expansion of the 10 mm thick laminate due to the Poisson’s effect. 
The greater though thickness stress will affect both the fibre kinking failure in 
Equation 3-8 and the matrix compression failure in Equation 3-5. 
 
For the 10mm thick specimen, premature failure occurred experimentally. The larger 
difference compared to the results for the 2 mm thick specimen is likely to be because 
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of more imperfections present in the thicker laminate including voids and fibre 
misalignment. The difference may also be due to the assumptions made in the model; 
mainly that the specimen is perfect and the fixture is perfect. 
 
The trend of reduction in apparent strength with increasing laminate thickness agrees 
with the findings presented in Chapter 1. 
 
The experimental results for the 2 mm thick specimens show that failure normally 
occurs at the end of the resin fillet, at the start of the gauge section. Due to 
manufacturing defects in this region such as the presence of voids and imprecise 
edges of the resin fillet, the measured failure strength of the laminate could be 
affected.  
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4 : Understanding the Effects of Imperfections 
 
Imperfections can significantly affect the measured compression strength [112], [114] 
and also cause specimens to fail in an invalid way. Specimen imperfections include 
fibre and laminate waviness, fibre misalignments in the laminate, specimen 
misalignments, the presence of voids and the fibre volume fraction. There are unlikely 
to be misalignments caused by the test fixture because it includes a four pillar high 
precision die set which ensures good alignment and avoids off-axis and frictional 
loading. However, there may be imperfections in the testing conditions such as the 
clamping block in the upper section of the fixture not touching the upper grip due to 
the effects of gravity. 
 
In this chapter the effect of fibre misalignment in the laminate and skewed specimen 
ends are investigated.  These may affect the specimen compression strength and fibre 
misalignment has been investigated by other studies mentioned in the literature review 
for other CFRF systems. Fibre misalignment effects can be compared with data in the 
FE study since the failure code uses a fibre misalignment angle of 3º. The imperfect 
fixture condition of including a gap between the clamping block and the grip is also 
considered using the simple model because this could occur in the upper grip. 
 
4.1 Specimen Imperfections 
 
4.1.1 The Effect of Fibre Misalignments 
 
The effect of off-axis alignment in the specimen laminate was used as a way of 
investigating the effect of fibre misalignment experimentally. The material used was 
IM7/8552. Fibre misalignments of 1˚, 3˚ and 6˚ were investigated for a 2 mm thick 
laminate. Fibre misalignments occur accidentally during the lay up process or during 
the cutting of specimens from cured laminates and are more likely to occur more 
commonly in thicker laminates. This is because of the higher probability of more 
defects with increasing thickness. 
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Manufacturing of Specimens 
 
The cure cycle involved applying a pressure of 7 bar from the start, a 45 minute dwell 
at 115˚C and then a 2 hour cure at 180˚C. 
 
C-scans of the end tabbed sub laminates showed that the laminates were of high 
quality with no defects. A small section at the end tabbed regions close to the gauge 
section showed up red. The scans can be found in Appendix 2. This is likely to be due 
to air bubbles in the fillet adhesive. 
 
For producing specimens with fibre misalignments, three aluminium right angled 
triangles with angles of 1˚, 3˚ and 6˚ were manufactured and used as a guide during 
the cutting process of the cured laminate to create the sub-laminate in order to ensure 
accurate angles of fibre misalignments. The sub-laminate was then end tabbed 
normally using 3M-Scotchweld adhesive.  
 
Tests were made for the standard 2 mm thick reverse chamfer design in order to 
compare the results of the fibre misaligned specimens. 
 
Results 
 
All of the fibre misaligned specimens failed in an invalid failure mode due to through-
thickness cracks which developed in the gauge section before final failure. The 
average ultimate measured strength for IM7/8552 was found to be 8% greater than the 
ultimate strength of the same design for T300/914, see Table 4-1.  
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Table 4-1: Ultimate strength results for the 2 mm thick standard parallel sided design, 
IM7/8552 
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure 
Modulus 
(GPa) 
Final 
failure 
mode 
1 9.89 1.73 -28.7 -1677.4   TAB 
2 9.89 1.73 -28.8 -1680.3   TAB 
3 9.88 1.73 -28.2 -1651.0   M(KSD)
AT 
4 9.88 1.72 -26.4 -1552.4   TAB 
5 9.87 1.73 -28.6 -1673.8 15.7 158.3 M(TB)G
M 
6 9.87 1.73 -28.2 -1650.9    
7 9.88 1.72 -29.2 -1717.7   TAT 
8 9.90 1.73 -28.0 -1633.7 11.0 154.4 TAB 
Av. ultimate stress (MPa) -1654.7, SD 85.0 MPa , avg. modulus (GPa)156.3, SD 1.1 GPa 
  
The average strength measured for the 1˚ fibre misaligned specimens was 12.4% 
lower than the strength measured for the standard specimen, see Table 4-2. This 
suggests that a 1˚ misalignment does affect the strength results.  
 
 
Table 4-2: Ultimate strength results for a 2mm thick standard parallel sided design for 
IM7/8552 for 1˚ fibre misaligned specimens 
  
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure  
Modulus 
(GPa) 
Final 
failure 
mode 
1 9.90 2.03 -28.7 -1426.6 8.5 149.8 BAB 
2 9.89 2.02 -29.8 -1491.7   BAB 
3 9.90 2.01 -29.4 -1478.0 1.7 151.8 TAB 
4 9.87 2.02 -25.8 -1294.1 0.5 149.9 BAB 
5 9.89 2.03 -31.0 -1542.1   M(TS)AB 
6 9.88 2.04 -29.6 -1467.6   TAB 
Av. ultimate stress (MPa) -1450.0, SD, 85.1 MPa, avg. modulus (GPa)150.5, SD 1.13 GPa 
 
The average strength measured for the 3˚ fibre misaligned specimens was 26.0% less 
than for the standard 2mm thick specimen, see Table 4-3. This was also 15.5% less 
than the average strength for 1˚ fibre misaligned specimens. The lower strength is 
because the misaligned fibres are less able to carry load causing earlier failure in the 
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more misaligned specimen. On comparison with the FE results, the experimental 
reduction in strength from perfectly aligned fibres to 3º misalignmend fibres is 20% 
less. For the FE results the strength measured for the 3˚ fibre misaligned specimens 
was 46.0% less than for the standard 2mm thick specimen. This was determined by 
comparing the failure stress at matrix failure and fibre failure. However both the FE 
results and the experimental results show a significant reduction in strength. 
 
Table 4-3: Ultimate strength results for a 2mm thick standard parallel sided design for 
IM7/8552 for 3˚ fibre misaligned specimens 
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure 
Modulus 
(GPa) 
Failure 
mode 
1 9.89 1.89 -23.1 -1241.7   TAT 
2 9.87 1.90 -22.6 -1207.3   HAT 
3 9.87 1.90 -22.8 -1214.2   TAB 
4 9.88 1.90 -25.2 -1343.0   TAT 
5 9.86 1.90 -22.2 -1183.9   TAB 
6 9.85 1.90 -24.0 -1283.5 1.8 136.8 TAT 
7 9.86 1.90 -22.1 -1178.1 3.8 133.2 TAB 
8 9.87 1.91 -21.5 -1141.5   TAB 
Av. ultimate stress (MPa) -1225.2, SD 64.24 MPa, avg. modulus (GPa)135.0, SD 2.5GPa 
 
Test results for 6˚ fibre misaligned specimens (see Table 4-4) show that there is a 
trend of reduction in compression strength with increasing the fibre misalignment 
angle. The average measured compression strength was 36.3% less than the measured 
strength for non misaligned specimens. This is because misaligned fibres are less able 
to carry direct load and so will fail earlier. 
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Table 4-4: Ultimate strength results for a 2mm thick standard parallel sided design for 
IM7/8552 for 6˚ fibre misaligned specimens 
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure 
Modulus 
(GPa) 
Failure 
mode 
1 9.90 1.86 -19.5 -1058.4   M(HK)
AB 
2 9.90 1.86 -18.9 -1028.6 5.8 129.3 TAB 
3 9.87 1.85 -19.7 -1079.4 12.1 131.2 TAT 
4 9.87 1.86 -18.8 -1024.6    
5 9.87 1.86 -18.9 -1030.1   TAT 
6 9.88 1.86 -20.2 -1096.5   TAB 
7 9.87 1.86 -20.2 -1100.3   M(TKS)
AB 
8 9.89 1.86 -18.7 -1014.9   HAT 
Av. ultimate stress (MPa) -1054.1, SD 34.29 MPa, avg. modulus (GPa)130.3, SD 1.3 GPa 
 
For all the fibre misaligned specimens, through thickness cracks were observed to be  
present at the start of the gauge section or in the clamped section but mostly close to 
the gauge section, see Figure 4-1. The location did not vary with the degree of 
misalignment. The cracks developed due to expansion transverse to the fibre direction. 
They were not observed in the standard 2 mm thick specimens with no fibre 
misalignment. The cracks developed as initial failure locations, with final failure 
occurring within the gauge section.  
 
Figure 4-1: Through thickness cracks in fibre misaligned specimens, IM7/8552 for  
(a) 1˚ fibre misaligned specimens                           (b) 6˚ fibre misaligned specimens 
 
Through 
thickness 
cracks 
Through 
thickness 
cracks 
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The effect of fibre misalignment was found to have greatest influence on the 
compression strength with increasing fibre misalignment. The reduction in 
compression strength was greatest for small misalignments of less than 3˚ as shown in 
Figure 4-2. 
 
Figure 4-2: Effect of fibre misalignment on compression strength 
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Conclusions 
 
Increasing the fibre misalignment angle reduces the measured compression strength 
and there is a clear trend between the fibre misalignment angle and compression 
strength. Any deviation from perfect alignment results in a dramatic reduction in 
compression strength. The experimental data indicates that fibre misalignment in 
specimens becomes important for misalignments of or greater than 1˚. 
 
 
4.1.2 The Effect of Skewed Specimen Ends 
 
The effect of specimen misalignment was considered because it is difficult to get 
perfect alignment. Specimen top and bottom surfaces are made parallel during the 
grinding process but this sometimes may not be enough because although the surfaces 
in contact with the fixture are made parallel, the end tab surface in contact with the 
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laminate may not be parallel due to variation in the adhesive thickness. Also making 
the specimen ends parallel may not be enough because the end tab ends, close to the 
gauge section may not reach the same location along the laminate length, see Figure 
4-3. The specimen misalignments considered were 3˚ and 5˚ for skewed specimen 
ends, see Figure 4-4. This imperfection was considered because it is the most likely 
type of skewing to affect the specimen compression strength. These angles were based 
on measurements taken from specimens before grinding. The measurements were 
taken from one corner of the specimens, as shown in Figure 4-4. 
 
Figure 4-3: Misaligned end tabs 
 
 
 
 
 
 
 
 
Figure 4-4: 3˚ skewed specimen (the end tabs would be placed on the front and back 
face of the specimen) 
 
 
5  
6  
7  
 
Manufacturing of Specimens 
 
Sub laminates were cut into parallelogram shapes from oversized fibre-aligned 
rectangles. Rectangular end tabs were bonded on so that the edges were parallel with 
the edge of the parallelogram sub laminate, see Figure 4-5. 
 
End loading 
3˚ misalignment 
Laminate End tabs 
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Figure 4-5: Cutting and end tabbing of misaligned sub laminate 
 
 
 
 
 
Cutting of misaligned sub          Rectangular end tabs aligned with edge of  
laminate                                     misaligned sub laminate and ends ground                       
                                                   off after hardening 
 
As with the fibre misaligned specimens, C-scans showed that there was a thin strip 
close to the gauge section where the end tab was not bonded to the laminate. The 
scans can be found in Appendix 2.  
 
The specimens were positioned in the test fixture with the sides parallel to the fixture 
and the corners in contact with the grip. 
  
Results 
 
The average strength results for the 3˚ misaligned specimens was 3.4% lower than the 
average strength for non misaligned specimens, see Table 4-5. The average strength 
reduction of 6.9% for the two batches of misaligned specimens tested is less than for 
the fibre misaligned specimens by 18%, suggesting that fibre misalignment has a 
greater effect on compression strength. This is because for the case of the misaligned 
specimens, they are able to realign themselves in the fixture so that the top and bottom 
surfaces of the specimens become parallel with the fixture. However this introduces 
shear stresses in the specimens before the actual loading of the specimen in the test 
which is why a strength reduction is measured.  
 
Through-thickness cracks developed in the specimens at the ends during the test 
before final failure. Therefore all failures were invalid.
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Table 4-5: Ultimate strength results for a 2mm thick standard parallel sided design for 
IM7/8552 for 3˚ misaligned specimens 
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure 
Modulus 
(GPa) 
Final 
failure 
mode 
1 9.89 1.90 -30.7 -1633.8 5.9 148.7 TAT 
2 9.89 1.88 -29.8 -1603.8   HAT 
3 9.88 1.88 -29.0 -1562.9   M(TKS)AB 
4 9.86 1.87 -30.9 -1678.0   HAB 
5 9.86 1.87 -29.8 -1614.6 7.0 141.1 M(TB)GM 
6 9.90 1.87 -29.8 -1608.6   HAB 
7 9.90 1.87 -27.5 -1487.4   HAB 
Av. ultimate stress (MPa) -1598.4, SD 59.97 MPa, avg. modulus (GPa)144.9, SD 5.4 GPa 
 
The average strength results for 5˚ misaligned specimens are 10.4% lower than the 
average results for non misaligned specimens, see Table 4-6. This is a reduction in 
strength by 7.2% compared to 3˚ misaligned specimens. The lower strength results 
compared to the 3˚ misaligned specimens indicates that misalignments of this type 
will have a negative effect on the compression strength. This is because the damage 
caused to the misaligned corner to both the end tabs and the laminate is greater for the 
5˚ misaligned specimens. Shear damage was observed on the end tabs. The average 
damaged length (in the fibre direction, from observations of the sides surfaces of the 
end tabs) for the 3˚ misaligned specimens is 10.4 mm; this value is 12.0 mm for the 5˚ 
misaligned specimens, see Figure 4-6. 
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Table 4-6: Ultimate strength results for a 2mm thick standard parallel sided design for 
IM7/8552 for 5˚ misaligned specimens 
Specimen 
no. 
Gauge 
section 
width 
(mm) 
Gauge 
section 
thickness 
(mm) 
Final 
ultimate 
load 
(KN) 
Final 
ultimate 
stress 
(MPa) 
% 
Bending 
failure 
Modulus 
(GPa) 
Final 
failure 
mode 
1 9.90 1.87 -26.8 -1446.6   HAT 
2 9.90 1.87 -29.2 -1576.7   HAB 
3 9.90 1.87 -29.6 -1589.9 9.5 154.7 HAT 
4 9.90 1.87 -22.6 -1222.9   TAT 
5 9.90 1.87 -27.5 -1483.3 10.6 154.5 M(TB)GM 
6 9.91 1.86 -29.1 -1576.6   TAT 
7 9.90 1.87 -27.3 -1473.6   TAT 
Av. ultimate stress (MPa) -1482.6, SD 129.11 MPa, avg. modulus (GPa)154.6, SD 0.1 GPa 
 
Both specimen sets also had through-thickness cracks in the clamped region at the end 
of the specimen, see Figure 4-6, only on the side of the specimen that was misaligned. 
However final failure occurred at the gauge section end. The cracks at the ends of the 
specimens aided in adjustment of the specimen geometry so that the end load could be 
transferred to the gauge section. The misalignment causes a stress concentration in the 
misaligned corner of the specimen resulting in through thickness cracks. It means that 
the specimen corners are closer to being parallel and it results in the specimen being 
more able to transfer the end loading to the gauge section.  
 
Figure 4-6: Through thickness cracks at the end of the specimen for 
(a) 3˚ misaligned specimens                               (b) 5˚ misaligned specimens 
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Conclusions 
 
There is a significant strength reduction due to specimen misalignment compared to 
the standard parallel sided design. There is also a reduction in measured compression 
strength as the specimen misalignment angle is increased from 3˚ to 5˚. Specimen 
misalignment has a smaller effect on compression strength than fibre alignment so 
long as the fibres are in perfect alignment. 
 
 
4.1.3 The Fibre Volume Fraction 
 
Although the initial failure type is fibre failure, the matrix volume fraction is 
important to consider because fibre kinking is affected by the presence of shear 
stresses and the matrix carries shear load. It is also important to consider this factor 
because previous studies indicate that the fibre volume fraction can vary with 
laminate thickness and that more voids are present in thicker laminates (see Chapter 2: 
Literature Review, The Effects of Defects, Variable Matrix Volume Fraction). This is 
because the weight of the thicker laminate puts pressure on the bottom layers causing 
the resin to leak out before it gels and making it more difficult for the resin to 
distribute itself in all the layers of the laminate evenly. Resin bleeding can also occur 
due to the presence of a pressure plate on top of the laminate. For the manufacturing 
of laminates a wooden frame was used to dam the prepregs to prevent resin from 
leaking out. 
 
A higher fibre volume fraction also affects the failure mode as it causes more brittle 
failure, fibre breakage and fibre splitting. It reduces the amount of shear transverse 
failure and brooming. 
 
A variation in fibre volume fraction in the laminate is also common. This occurs 
because of movement of the resin between fibres and between layers before the resin 
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sets.  Samples were taken from different corners of the laminate before the laminates 
were ground. 
 
The fibre volume fraction was determined for T300/914 laminates manufactured in 
Chapter 3, Analysis of the Standard Parallel Sided Specimen Design. 
 
Acid Digestion Method 
 
Acid digestion involves the matrix of the composite being digested by the acid leaving 
the undigested carbon fibres. The method followed is ASTM D317-99. The sample is 
weighed before and after digestion to the nearest 0.0001g in order to determine the 
fibre volume fraction. The samples are first cut down to the size of 25 mm x 10 mm 
and placed in a cylindrical container. This is then placed in a machine (Accupyc) 
which calculates the volume, density and mass of the sample. 20 ml of hot sulphuric 
acid is then used to digest the sample. Once the specimen has been fully digested the 
solution will become dark and there will be no significant colour change for 5 minutes. 
35 ml of hydrogen peroxide is poured in droplets over the fibres to oxidise the matrix. 
The solution is left to cool and filtered under a vacuum of 17 kPa. The fibres are 
washed 3 times with distilled water and then placed in an oven overnight until the 
sample is dried. The sample is then cooled to room temperature and the fibres are 
weighed.    
 
The mass and density of the composite before and after digestion are used to calculate 
the fibre volume fraction, as shown below. The fibre volume fraction was then used to 
determine the percentage void content. 
 
Fibre volume fraction Vf = 100 







fc
cf
M
M
ρ
ρ
                                                              Equation 4-1 
Void Content Vv = 100 -Vf -
( )



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
 −
mc
cfc
M
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ρ
ρ100
                                              Equation 4-2 
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Mf represents the final mass of the specimen after digestion, Mc is the mass of the dry 
crucible or sintered glass filter, ρf is the density of the specimen after digestion, ρc is 
the density of the composite specimen, ρm is the density of the matrix. 
 
Three samples were taken from each laminate from different locations, see Figure 4-7. 
Variation in thickness in the panels was also measured, see Figure 4-8. 
 
Figure 4-7: Position of fibre volume fraction samples in laminate 
 
 
 
 
 
 
Figure 4-8: Thickness measured in the unground panel at different locations, for the 
different laminate thicknesses 
                         
 
 
 
 
 
 
 
 
 
 
 
                        
 
 
 
 
 
 
 
 
 
 
Longitudinal fibre direction 
1.9558 
2.0320 1.9812 1.9304 
2.0574 
6.0706 
6.2738 6.1214 6.1214 
6.2230 
10.3124 
10.4140 9.8552 9.7536 
10.1600 
2 mm 6 mm 
10 mm 
  136
Results 
 
The test results indicate that the fibre volume fraction was affected by the laminate 
thickness, see Table 4-7. An increase in fibre volume fraction was found with 
increasing the laminate thickness on a first analysis. 
  
The marginally high fibre volume fraction result for the 10 mm thick laminate is 
likely to be due to the samples being taken from initially thin areas of the laminate 
before the laminate was ground. The difference in thickness from the nominal value 
increases as the laminate gets thicker. The 10 mm thick laminate shows the greatest 
difference from the nominal thickness and all measured thicknesses are below 10 mm. 
This may explain why the 10 mm thick laminate has a higher volume fraction. 
 
Noting that the samples were unground, a normalisation procedure can be applied to 
take into account the resin rich layer on the top and bottom surface of the cured 
laminate. This resin rich layer is caused by the pattern of the peel ply that the laminate 
is sandwiched between during the curing process. The thickness of the resin rich layer 
is approximately 0.1 mm. For the 2 mm thick laminate with the average thickness of 
the samples being 2.03 mm, 0.2 mm represents 9.852% of the total thickness. This 
value can be used to extract the fibre volume fraction of the ground laminate by 
multiplying the unground samples’ average fibre volume fraction by 109.852%. This 
gives a fibre volume fraction for ground samples of 60.8%. Doing the same 
calculation for the 6 mm and 10 mm thick laminates, the fibre volume fraction would 
be 58.7% and 61.7% respectively. This is what is expected according to the 
manufacturer, Hexcel. 
 
The 2 mm thick samples show the highest range in the fibre volume fraction and void 
content results. This is unexpected because a more logical trend would be an increase 
in standard deviation with thickness because the literature has shown that thicker 
laminates have greater fibre waviness [112] which would contribute to greater 
variation in thickness, fibre volume fraction and void fraction. The high void 
percentage of 7.8% for one of the 2 mm thick samples, which is anomalous, could be 
due to a mistake in weighing since the void fraction measurement depends on 
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differences in small values. Excluding the unexpected 7.8% void content for the 2 mm 
thick samples, the void contents for the different thicknesses were quite similar. This 
is contradicts a study in the literature review where void content was observed to 
increase with increasing laminate thickness [112]. 
 
The fibre volume fractions and void fractions are all very similar for the different 
thicknesses and are unlikely to have any significant effect on compression strength. 
 
Table 4-7: Acid digestion results for T300/914 for different unground laminate 
thicknesses 
Laminate 
thickness Thickness (mm) 
Fibre volume 
fraction (%) 
Void content 
(%) 
2 mm 
2.07 52.4 1.2 
2.05 60.5 1.3 
1.98 53.4 7.8 
Average 2.03 Average 55.4, SD  4.4 Average 3.4 
6 mm 
6.14 57.4 1.1 
5.67 58.7 0.3 
6.05 54.3 0.7 
Average 5.95 Average 56.8, SD 2.3 Average 0.7 
10 mm 
9.75 60.6 1.0 
9.85 60.8 0.3 
9.82 59.6 2.6 
Average 9.81 Average 60.3, SD 0.6 Average 1.3 
 
Conclusions 
 
Considering the effect of grinding the samples, the fibre volume fractions of the 
different thickness samples were similar. There was no significant trend with 
increasing laminate thickness for fibre volume fraction but the thickest samples had 
the highest average fibre volume fraction. No trend was observed for the void content.  
 
Due to financial constraints it was not possible to repeat the acid digestion 
measurements. 
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4.2 The Effect of a Gap between the Clamping Block and the Grip in 
the Fixture 
 
4.2.1 Background 
 
The effect of a gap between the specimen and fixture was considered since the 
standard FE model does not account for imperfections in the fixture. In the upper part 
of the fixture there is a possibility of the clamping block not being flush with the 
surface of the grip, resulting in a gap between the two, see Figure 4-9. This would 
affect the stress distribution in the specimen because there would be no load 
transferred through the clamping block to the end part of the specimen.  
 
Figure 4-9: A gap length of 0.5 mm between the clamping block and grip 
 
 
 
 
 
 
 
 
 
 
 
Gap lengths in the fibre direction of 0.1 mm, 0.3 mm and 0.5 mm were considered for 
a 2 mm thick laminate specimen. The position of the bolts was kept the same relative 
to the position of the specimen, as would occur in the real test. 
4.2.2 Results 
 
Gap 
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The FE results predict that the effect of a gap for the lengths considered will not affect 
the stress distribution and will not affect the value of the longitudinal stresses 
significantly, see Figure 4-10. The effect of a 0.1 mm gap length has the most effect; 
it causes a longitudinal stress increase in the gauge section of 1.7% and a peak shear 
stress increase of 9.4%. The increase in longitudinal stress in the gauge section is not 
significant, but the increase in peak shear stress can be considered significant. The 
increase in shear stress is because the values of through thickness forces which 
generate the shear stresses are the same but act over a smaller area of the specimen, 
causing an increase the stresses. There is no increase in shear stress observed with 
larger gap lengths of 0.3 mm and 0.5 mm possibly due to premature failure for those 
models. 
 
 
Figure 4-10: The longitudinal stress distribution for different gap lengths between the 
clamping block and grip in the fixture, for a 2 mm thick laminate specimen at the time 
of fibre failure 
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Figure 4-11: The ZX shear stress distribution for different gap lengths between the 
clamping block and grip in the fixture, for a 2 mm thick laminate specimen at the time 
of fibre failure 
-70
-60
-50
-40
-30
-20
-10
0
10
20
0 5 10 15 20 25 30 35 40 45
Longitudinal coordinate (mm)
ZX
 
sh
e
ar
 
st
re
ss
 
(m
m
)
No gap
0.1 mm gap
0.3 mm gap
0.5 mm gap
 
 
4.2.3 Conclusions 
 
The effect of including a gap between the clamping block and grip do not have a 
significant effect on the compression strength of the specimen. A gap of 0.1 mm has 
the most effect but this has little predicted impact on the compression strength and is 
most likely to increase the τzx shear stress acting on the laminate. 
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5 : A Parametric Study for Design Improvement 
 
This chapter investigates methods for eliminating the peak longitudinal stress 
concentration outside the gauge section for the 10 mm thick laminate specimen in 
order to achieve valid failure within the gauge section. Methods to reduce the peak 
longitudinal stress concentration in the 2 mm thick laminate specimen are also 
considered to encourage failure to occur away from the end of the gauge section. A 
parametric study is used to examine the effect of a reduced specimen width, changing 
the surface friction coefficient, including a delaminated section, using a different end 
tab adhesive, using carbon fibre epoxy end tabs, changing the applied torque, 
changing the end tab taper angle. Overall the results show that the parallel sided 
specimen will not provide a good measure of strength for 10 mm thick specimens. 
 
For all studies in this chapter, the FE results were taken at the time of failure, 
specifically at the time of fibre failure since all the models failed first in this mode. As 
in previous chapters, the FE data was taken along an edge of the laminate at the mid-
width, shown in Figure 3-10. The back surface of the laminate is used because failure 
always occurs on this surface first, as with previous models. 
 
5.1 The Effect of a Reduced Specimen Width 
 
In reality the actual width of specimens is less than 10 mm. The width needs to be 
slightly less than 10 mm so that the specimen can be slotted into the fixture. This 
results in a small gap between the side surfaces of the specimen and the fixture 
causing a loss of contact. The loss of contact could reduce stress concentrations in the 
laminate as there is more room for transverse expansion. This is investigated 
computationally for both the 2 mm and 10 mm thick laminates. Specimen widths of 
10 mm, 9.95 mm and 9.90 mm are investigated for both the 2 mm and 10 mm thick 
laminate for a more complex model where the fixture surrounding the specimen width 
is included. This was shown in Figure 3-29, the one quarter complex model. 
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5.1.1 Computational Model 
 
New models were created for the specimens with a reduced width geometry using the 
same mesh density as the standard model using a 10 mm width. A Coulomb friction 
coefficient with a value of 0.3 was used for modelling surface friction, as with 
previous models. The bolt preload displacement was adjusted as the specimen width 
was changed but the torque applied to the preload model was the same. 
 
5.1.2 Computational Results 
 
Figure 5-1 shows that the width of the specimen is predicted to make a significant 
difference to the stress of the specimen in the gauge section. A trend is predicted 
where the compression strength increases with a reduction in specimen width. There 
is a 6% predicted strength increase using a width of 9.95 mm and a predicted 15% 
increase using a width of 9.90 mm. This is related to lower shear stresses, τbc and τab 
(see Chapter 3: Analysis of the Parallel Sided Design, Background to Modelling, 
Failure Analysis Code) as the laminate sides have less contact with the fixture and the 
laminate is able to expand more in the fibre transverse direction along the clamped 
length of the specimen, see Figure 5-2. Also the change in boundary conditions at the 
start of the gauge section is less abrupt in the transverse direction as the side surfaces 
of the specimen are too far from the grip to be clamped. This causes a lower stress 
concentration on this surface resulting in lower shear stress, τab. 
 
As shown in Figure 5-1, for a specimen with a width of 9.90 mm the longitudinal 
stress distribution in the clamped section of the specimen is constant. This is related to 
the boundary conditions as the side faces of the specimen are not in contact with the 
fixture so lower shear stresses are generated in the specimen when it expands 
transversely. This means that more load will be transferred by end loading. 
 
A simple theoretical calculation is presented which predicts the minimum initial width 
of the specimen resulting in the side of the specimen coming into contact with the 
fixture, by Poisson’s expansion in the fibre transverse direction. A longitudinal failure 
strain of 1.74% is assumed from experimental results for the 2 mm thick specimen 
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and υ12 is taken as 0.307 (using υ21 = 0.02). The critical specimen width, below which 
the specimen sides will not come into contact with the fixture, is calculated to be 
9.947 mm. 
 
ε2= ε1 ×  υ12 = 0.00534  
ε2=
0l
δ
 =
0
010
l
l−
 so 0l = 9.947 mm 
 
This is only a very approximate width and does not take into account the presence of 
end tabs. It also assumes uniform transverse strain throughout the specimen length. 
Therefore in reality the critical specimen width for contact between the side of the 
specimen and the fixture will be slightly greater than this value due to the presence of 
end tabs (which have a smaller value of υ12). The approximation agrees with the 
computational results as it supports the difference seen in the longitudinal stress 
distribution for a specimen width of 9.90 mm. 
 
Figure 5-1: Comparison of longitudinal stress results for the 2 mm thick laminate 
specimen using the complex model for different specimen widths, at the time of fibre 
failure 
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Figure 5-2: The effect of specimen width on fibre transverse displacement for a 2 mm 
thick laminate specimen at the time of fibre failure (unit of fringe levels is mm) 
                                  
            10 mm width                                                         9.95 mm width 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           9.90 mm width 
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Figure 5-3: Comparison of ZX shear stress results for the 2 mm thick laminate 
specimen using the complex model for different specimen widths 
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Figure 5-3 predicts a trend of lower peak ZX shear stresses as the width of the 
specimen reduces. This is expected because the specimen side contact with the fixture 
is reduced as the specimen width is reduced. This results in lower ZX shear stresses 
being generated. High shear stress is predicted at the end of the specimen for a width 
of 9.90 mm. The specimen is less able to expand transversely at the end of the 
specimen where the bottom face is in contact with the fixture due to friction between 
the surfaces. The difference in boundary conditions results in higher shear stresses 
being generated at the end of the specimen for a width of 9.90 mm.  
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Figure 5-4: Comparison of longitudinal stress results for the 10 mm thick laminate 
specimen using the complex model for different specimen widths, at the time of fibre 
failure 
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Figure 5-4 shows that for the 10 mm thick specimen, by reducing the specimen width 
the models predict a reduction in the peak longitudinal stress before the start of the 
gauge section. There is also a significant increase in the stress in the gauge section of 
24.8% and 18% for specimen widths of 9.90 mm and 9.95 mm respectively. There is 
also an increase in stress in the clamped section.  
 
The predicted reduction in peak longitudinal stress is because the change in boundary 
conditions between the gauge section and clamped section is less abrupt as the 
specimen is able to expand more freely in the fibre transverse direction in the clamped 
section using a reduced width. The longitudinal stress within the clamped section is 
greater using a reduced specimen width because the specimen is able to contract more 
freely in the longitudinal direction with less friction to overcome between the 
specimen surface and fixture surface. 
 
The predicted results for the 9.95 mm width specimen are more similar to those for 
the 9.90 mm width specimen, whereas for the 2 mm thick specimen they were more 
Gauge section 
Predicted failure locations 
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similar to the results for the 10.00 mm width specimen. This is expected even though 
the same widths are used for the different thicknesses. The 10 mm thick laminate fails 
prematurely, so the longitudinal strain at failure will be smaller compared to the 2 mm 
thick laminate. Therefore following the theoretical calculation for the 2 mm thick 
laminate, the minimum initial specimen width required for the specimen side to come 
into contact with the fixture will be larger. This means that for a 10 mm thick laminate, 
the sides of a specimen with a width of 9.95 mm will not come into contact with the 
fixture. 
 
The predicted stress distribution for the 10 mm thick laminate is different to that for 
the 2 mm thick laminate as the peak longitudinal stresses are reduced in the case of 
the 10 mm thick laminate and there is a lower stress concentration. This difference 
may be related to the different thicknesses; a reduced width may have greater 
influence on the 10 mm thick laminate because due to Poisson’s effect there will be 
greater through thickness expansion in the clamped section with reduction in width, 
see Figure 5-5. This is because the specimen sides are not in contact with the fixture 
so there will be no friction opposing the expansion. The laminate is able to expand in 
the through-thickness direction within the specimen due to through-thickness 
compression of the end tabs. 
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Figure 5-5: Comparison of through-thickness displacement (mm) at fibre failure using 
the complex model for the 2 mm thick and 10 mm thick laminate for a specimen 
width of  
(a) 10.00 mm and                         (b) 9.90 mm at the time of fibre failure (fringe level 
units of mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 mm thickness 
10 mm thickness 
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Figure 5-6: Comparison of ZX shear stress results for the 10 mm thick laminate 
specimen using the complex model for different specimen widths at the time of fibre 
failure 
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Figure 5-6 shows that the predicted shear stresses reduce at the peak region before the 
start of the gauge section and also in the clamped region of the specimen for a reduced 
specimen width. It is because smaller shear stresses are generated due to less contact 
between the specimen and the fixture. 
 
For both the 2 mm and 10 mm thick laminate the peak shear stresses are reduced. 
There is a clear trend for the 2 mm thick laminate where the peak shear stress is lower 
as the specimen width is reduced. For the 10 mm thick laminate using a 9.95 mm 
width reduces the peak shear stress more than using a 10.00 mm width. Also the 
reduction in peak shear stress is less significant than for a 2 mm thick laminate. Due 
to the higher thickness and the Poisson’s effect, there will be greater through 
thickness expansion of the 10 mm thick laminate which explains why a width 
reduction has less influence on the shear stress. 
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5.1.3 Conclusions 
 
The use of a reduced specimen width is predicted to increase the compression strength 
of a 2 mm thick laminate by up to 15%. The peak shear stress is also reduced. For a 
10 mm thick laminate the peak longitudinal stress concentration is predicted to be 
reduced using a reduced specimen width by up to 5% but the failure location is still 
predicted to be outside the gauge section. There is also some reduction in peak shear 
stress. For both thicknesses the longitudinal stress in the gauge section increases with 
reducing the width. 
 
The experimental results show some agreement with this conclusion. Referring back 
to the experimental results, for 2 mm thick specimens, Table 3-4 shows that specimen 
6 with a width 0.25 mm less than the ideal width of 10 mm, which was not the widest 
specimen, had the highest compression strength.  
 
5.2 The Effect of Changing the Surface Friction Coefficient 
 
The through-thickness loading is provided by the torque applied to the bolts in the jig 
which acts in conjunction with the surface friction coefficient to transfer shear loading 
to the specimen. The surface friction coefficient limits the amount of shear loading 
that is transferred to the specimen. A larger friction coefficient will increase the 
amount of torque transferred by shear loading. A higher shear load will increase the 
probability of a specimen failing prematurely since computational results show that 
final specimen failure is affected by high shear stresses at the end of the clamped 
section. A smaller friction coefficient will reduce the amount of torque transferred by 
shear loading. A lower shear load at the end of the clamped region will reduce the 
probability of a specimen failing prematurely. 
 
This was investigated computationally for both the 2 mm and 10 mm laminate 
specimen (discussed in Chapter 3). The friction coefficient on all surfaces was 
changed from 0.3 to 0.5 and 0.0 in order to determine the effect. 
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5.2.1 Computational Model 
 
The computational models were geometrically the same as the standard 2 mm and 10 
mm thick laminate specimen models. The static and dynamic Coulomb friction 
coefficients were changed for all contact surfaces in each case. 
  
5.2.2 Computational Results 
 
Figure 5-7 predicts that at the time of fibre failure, the peak longitudinal stress is very 
similar for all three friction coefficients, although the peak stress and the constant 
stress state reached in the gauge section for the 0.3 friction coefficient is slightly 
higher (1.3%) but not significantly. For the 0.0 friction coefficient (CF=0.0), the 
longitudinal stress along the length of the specimen was predicted to be larger and 
almost constant. This is because for the 0.0 friction coefficient a large proportion of 
the load in the carbon is carried by end loading. It is constant along most of the length 
of the specimen because there is almost no change in the boundary condition in that 
region. The effect of the different torques applied to the inner and outer bolts is 
reduced; the friction coefficient is zero so shear stress is generated in the specimen 
due to the torque. Since the friction coefficient is zero, the end tabs have the same 
displacement in the fibre direction as the carbon laminate but due to the different 
elastic properties the through thickness expansion is different. Since the carbon is 
bonded to the end tab there will be some shear deformation at the joint. This explains 
why there are still shear stresses present on the carbon surface even though the 
friction coefficient is set to 0.0. 
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Figure 5-7: The effect of varying the friction coefficient on the longitudinal stress 
distribution for a 2 mm thick laminate specimen at the time of fibre failure 
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Figure 5-8: The effect of varying the friction coefficient on the shear stress (ZX) 
distribution for a 2 mm thick laminate specimen at the time of fibre failure 
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Figure 5-8 shows that the predicted lowest peak shear stress is measured in the 
laminate using a 0.0 surface friction coefficient. The highest peak shear stress is 
measured in the laminate when using a 0.5 surface friction coefficient. This is because 
a higher surface friction coefficient will result in more load being transferred to the 
specimen by shear loading. 
 
The FE analysis predicts the fibre failure time for 0.0 friction coefficient (CF=0.0) to 
be 0.0117 s and the failure time for 0.5 friction coefficient (CF=0.5) to be 0.0081 s. 
Since failure that normally occurs in the specimen is affected by shear stresses acting 
on the laminate (since it is due to a combination of shear and end loading), a 0.0 
friction coefficient reduces the amount of load carried in shear by the carbon. It takes 
longer to achieve the same axial stress using a 0.0 surface friction coefficient.  
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Figure 5-9: The effect of varying the friction coefficient on the longitudinal stress 
distribution for a 10 mm thick laminate specimen at the time of fibre failure  
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Figure 5-9 shows that the predicted highest longitudinal compression strength is 
achieved using CF= 0.3, suggesting that this is close to the optimum surface friction 
coefficient. Using CF=0.5 may result in less load being transferred by end loading and 
more load being transferred as shear load. Overcoming the large friction coefficient 
will reduce the ability of the specimen to carry longitudinal load.  
 
The design variable CF=0.3 causes the specimen to carry the highest longitudinal 
stress from the longitudinal location of the inner bolt towards the gauge section. The 
peak stress just before the start of the gauge section is also highest for CF= 0.3. The 
lowest compression strength is predicted for CF=0.0. This is due to less friction 
resulting in end loading of the specimen. This is predicted to cause end crushing of 
the specimen resulting in premature failure. 
 
Gauge section 
Predicted failure locations 
  155
For the 0.0 friction coefficient (CF=0.0), the longitudinal stress along the length of the 
specimen was predicted to be larger and almost constant. This is because for the 0.0 
friction coefficient a large proportion of the load in the carbon is carried directly in the 
fibre direction. It is fairly constant along most of the length of the specimen because 
there is almost no change in the boundary condition in that region. The effect of the 
different torques applied to the inner and outer bolts is reduced; the friction coefficient 
is zero so no shear stress is generated in the specimen due to the applied torque. Also 
for CF=0.0 the stress at the end of the specimen is very high. This indicates end 
crushing. This is likely to be because no load is transferred through the specimen by 
shear loading. At the end of the specimen the end tab does not protect the end of the 
laminate against end loading, it will displace in the longitudinal direction more easily 
since there is no friction from the fixture opposing it. This will cause higher 
longitudinal stresses on the laminate surface since the end tab is bonded onto the 
laminate.  
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Figure 5-10: The effect of varying the friction coefficient on the shear stress 
distribution for a 10 mm thick laminate specimen at the time of fibre failure 
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Figure 5-10 shows that the highest peak shear stress is predicted for CF=0.3. This is 
due to the proportion of end load and shear load applied to the specimen causing large 
displacements and therefore large shear stresses just before the start of the gauge 
section. For CF=0.0 the shear forces acting on the end tab surfaces will be zero and 
therefore the shear stresses at the laminate surface will be less. For CF=0.5, the 
predicted shear stresses are similar to CF=0.3 along most of the specimen length, 
suggesting that a higher friction coefficient does not have a lot of influence on the 
shear stress for most of the specimen length. The peak shear stress for CF=0.5 will be 
less than the peak shear stress for CF=0.3 because the higher friction results in less 
longitudinal displacement due to the greater change in the boundary conditions (see 
Figure 5-11).  
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Figure 5-11: Longitudinal displacements (mm) at time of fibre failure for 10 mm thick 
laminate for (a) CF=0.3 and (b) CF=0.5  
 
 
 
 
 
 
 
 
 
 
 
 
The predicted failure location for CF=0.0 is at the end of the specimen, suggesting 
end crushing (see Figure 5-12). This is due to the high longitudinal stresses predicted 
at the end of the specimen. 
 
Figure 5-12: Failure location and index for 10 mm thick laminate for CF=0.0 at the 
time of fibre failure 
 
 
 
 
 
 
Conclusions 
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5.2.3 Conclusions 
 
The use of a 0.3 surface friction coefficient is predicted to record a marginally higher 
compression strength for 2 mm thick laminate specimens. Considering the time factor, 
the use of a 0.3 surface friction coefficient is the best case because the measured 
compression strength will be marginally higher and the specimen will take less time to 
fail, making the test efficient. More importantly it appears to be the overall optimum. 
 
For the 10 mm thick laminate specimens the use of a 0.3 surface friction coefficient a 
much higher failure stress and therefore a much higher compression strength is 
predicted compared to other friction coefficients of 0.0 and 0.5. This indicates that 0.3 
is close to the optimum friction coefficient in order to achieve the highest 
compression strength.  
 
The large difference in compression strength trends between the 10 mm laminate and 
the 2 mm laminate is because of premature failure for the 10 mm thick laminate for 
the case of CF=0.0 where end crushing is predicted for the 10 mm thick laminate 
specimen. No end crushing is predicted for the 2 mm thick specimen because 
although the laminate is able to expand freely in the through thickness direction 
(within the specimen) the amount of through thickness expansion by the Poisson’s 
effect will be less compared to the thicker laminate. The through thickness stress will 
not be as high and therefore the longitudinal stress at the end will also be less 
compared to the thicker laminate. The shear stress reduction for CF=0.0 is more for 
the thicker laminate than the thin laminate also due to premature failure which does 
not occur for the thin laminate specimen. 
 
 
5.3 The Effect of Including a Delaminated Section in the Specimen 
Design 
 
The effect of using a delaminated end tab was considered in order to investigate 
computationally the effect of using a small release tape between the end tab and the 
carbon composite laminate in order to encourage delamination for the 2 mm thick 
  159
laminate.  Initial delamination between part of the end tab and the laminate could be 
useful in reducing the initial stress concentration in the longitudinal direction caused 
by the boundary conditions. This may increase the overall compression strength of the 
laminate by preventing premature failure of the laminate at the end of the end tab and 
may encourage failure to occur within the gauge section, the ideal failure location 
since the stress distribution is uniform there. The method was first investigated by 
Haeberle [70]. 
 
5.3.1 Computational Model 
 
Three computational models were produced for delamination lengths of 5 mm, 10 mm 
and 20 mm for a 2 mm thick laminate specimen. The computational models were 
produced by separating the nodes of elements between the laminate and the end tab 
for the appropriate length at the end of the end tabbed section. A contact penalty 
algorithm was then used between the laminate and the delaminated part of the end tab 
to allow sliding. The contact friction coefficient was set to 0.3. This was a linear 
treatment. The failure analysis code was applied so the failure time was set by when a 
failure index of 1 was reached.  
 
 
5.3.2 Computational Results 
 
Figure 5-13 shows that including a delaminated region ahead of the gauge section is 
not predicted to increase the compression strength of the specimen. This is due to 
premature failure. The use of a delamination is predicted to reduce the longitudinal 
stress along the clamped section of the specimen. The reduced stresses are because of 
premature failure of the specimen. The fibre failure times (using the failure analysis 
criteria code) when using a delamination length of 5 mm, 10 mm and 20 mm are at 
least 25% less than the failure time without the use of a delaminated region. 
Premature failure in the case of the 5 mm delamination is due to the predicted large 
longitudinal stress concentration and large shear stress in the delaminated region 
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outside the gauge section; this concentration is due to the change in boundary 
conditions, refer to Figure 5-15  for the failure location. For the longer delamination 
lengths, premature failure is due to higher peak shear stresses in the gauge section, see 
Figure 5-14. The peak shear stress is 5% higher for the 10 mm delamination length 
and 21% for the 20 mm delamination length, compared to using no delamination. The 
shear stress is higher for these designs compared to using no delamination because of 
the contact between the end tab and the carbon laminate in the delaminated region. A 
more detailed explanation is given in the discussion of shear stresses in this section. 
 
Figure 5-13: The effect of a delaminated region at the end of the specimen gauge 
section on the longitudinal stress distribution for a 2 mm thick laminate specimen at 
the time of fibre failure 
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Compared to the 5 mm delamination length design, the stress distribution is different 
for the design using a 10 mm delamination length as the peak stress occurs in the 
gauge section. The stress distribution for the 20 mm delamination length is also 
different; the stress in the gauge section is much higher than the stress in the clamped 
section and the first peak stress due to the start of the delamination is lower. There is a 
Gauge section 
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trend of a lower peak stress at the start of the delamination region with increasing 
delamination length. This is due to the torque applied to the inner bolt which will 
influence the delamination as it produces a through thickness force which affects the 
slippage in the fibre direction between the laminate and the end tabs. The 
delamination behaviour is affected according to its longitudinal location relative to the 
inner bolt. Since the 20 mm delamination specimen design has the delamination 
located between the inner and outer bolt, the stress concentration for the design is the 
least.  
 
Figure 5-14: The effect of a delaminated region at the end of the specimen gauge 
section on the shear stress distribution for a 2 mm thick laminate specimen at the time 
of fibre failure 
-100
-80
-60
-40
-20
0
20
0 5 10 15 20 25 30 35 40 45
Longitudinal coordinate (mm)
Sh
e
a
r 
ZX
 
s
tr
e
ss
 
(M
Pa
)
No delamination
5 mm delamination
10 mm delamination
20 mm delamination
 
Figure 5-14 shows that the peak shear stress is predicted to reduce using a 5 mm 
delamination length and is predicted to increase using a 10 mm or 20 mm 
delamination length, compared to using no delamination. This difference is due to 
premature failure of the specimen which prevents shear stresses from being generated 
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for the 5 mm delamination length design. The peak stresses are predicted to be higher 
for the other designs because there will be a greater difference between the 
longitudinal displacement for the end tabs and the laminate compared to the 5 mm 
delamination length design, see Figure 5-15. The longitudinal displacements for the 
laminate and end tabs are in different directions for the 20 mm delamination length 
design, see Figure 5-15, since the end loading is applied only at the gauge section of 
the laminate. This means that while the laminate is compressed towards the end of the 
specimen, the end tab displacement is towards the gauge section due to the reaction 
force at the end of the specimen in the direction of the gauge section. This may reduce 
the amount of slippage on the laminate surface in the delamination region, causing an 
abrupt change in boundary conditions in the gauge section. 
 
Figure 5-15: Longitudinal displacement in the laminate and the end tabs at the time of 
fibre failure for the three delamination length designs (mm) 
 
(a) 5 mm delamination     (b) 10 mm delamination   (c) 20 mm delamination 
 
 
 
 
 
 
 
 
 
 
 
 
 
The failure location is predicted to be different depending on the delamination length, 
see Figure 5-16. In the case of the 5 mm delamination design, failure is related to the 
predicted high longitudinal peak stress at the start of the delamination region. In the 
case of the 10 mm and 20 mm delamination design, failure is related to the predicted 
high shear stresses in the gauge section. 
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Figure 5-16: Fibre failure location using a (a) 5 mm delamination, (b) 10 mm 
delamination and (c) 20 mm delamination 
              (a)                (b)           (c)  
 
 
 
 
 
 
 
 
 
5.3.3 Conclusions 
 
The models predict that there is no benefit in using a delamination design because the 
compressive strength will be lower than that of a standard specimen. This is due to 
premature failure. One benefit of this design is that the failure is predicted to occur 
within the gauge section if the delamination length is 10 mm or 20 mm. 
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5.4 The Effect of Using a Different Adhesive 
 
The use of a different adhesive to bond the end tabs to the carbon epoxy laminate was 
considered experimentally in order to investigate whether this affects the strength as 
Xie and Adams [17] found that this made a significant difference to the measured 
compression strength (see Chapter 2: Literature Review, The Effect of Specimen 
Design, Tab Adhesive Properties).  
 
5.4.1 Experimental Set-Up 
 
The design was investigated using the 2 mm thick laminate specimen since valid 
failures have been obtained using this thickness. 3M Scotch-Weld 9323 was used 
instead of Araldite 2011. 
 
5.4.2 Experimental Results 
 
The average failure strength, recorded in Table 5-1, is 8.8% higher than the strength 
measured using the Araldite 2011 adhesive. This is due to the properties. The stiffness 
of 3M Scotch-Weld (2.87 GPa) is 18.4% less than the stiffness of Araldite 2011 (3.5 
GPa) and explains the higher strength. A more flexible resin adhesive means that the 
laminate can expand more freely in the thickness direction and is also better at 
transferring shear stresses from the end tab to the laminate. This trend contradicts the 
trend found in the literature review (see Chapter 2: Literature Review, The Effect of 
Specimen Design, Tab Adhesive Properties). However the study [17] only uses data 
for peak longitudinal stress and is from an FE based study and not from experimental 
work.  
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Table 5-1: Failure strength results for 2 mm thick laminate specimens using 3M 
Scotch-Weld to bond the woven glass fibre end tabs to the carbon fibre composite  
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Failure 
load 
(KN) 
Failure 
strength 
(MPa) 
Modulus (GPa) 
1 9.93 2.10 -31.40 -1505.3 122.7 
2 9.95 2.09 -31.19 -1499.8 121.5 
3 9.95 2.11 -32.70 -1558.0 117.9 
4 9.93 2.11 -32.28 -1545.4 119.9 
Avg. failure strength (MPa) -1527.1, SD 28.9MPa,   Avg. modulus (GPa) 120.5, SD 2.08 MPa 
 
 
5.4.3 Conclusions 
 
Since a higher strength was measured using 3M-Scotchweld, this adhesive was used 
for all further experiments. The higher strength achieved was due to the greater 
toughness of the adhesive. 
 
5.5 The Effect of Using Carbon Fibre/Epoxy End Tabs 
 
The use of carbon fibre end tabs was considered because some studies [12, 15] have 
shown that in some cases using end tabs with a higher longitudinal stiffness than 
glass-fibre epoxy increases the overall measured compression strength of the 
specimen and in some cases provides more reliable results. 
 
5.5.1 Experimental Set-Up 
 
The design was investigated experimentally for a 2 mm thick laminate specimen 
where the carbon fibre end tabs were made using XAS/914 carbon fibre composite 
and used a reverse chamfer design but had a thickness of 2 mm. The laminate was 
unidirectional and the fibres were aligned with the length of the specimen. The fillet 
was machined at 45˚, the epoxy fillet was created in the normal way. Two batches of 
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specimens were tested one with Araldite 2011, the other with 3M Scotch Weld to 
bond the end tabs to the laminate. 
 
5.5.2 Experimental Results 
 
The average failure strength (see Table 5-2) is similar to the result obtained for the 2 
mm parallel sided standard design with a difference of only -1.46% (Araldite 2011) 
and -1.1% (3M-Scotch-Weld). This suggests that the longitudinal and transverse 
stiffness of the end tabs have little influence, since these stiffnesses are very different 
for the two materials. This contradicts the general trend found in previous studies 
where the Tsai-Hill Criterion factor using CFRP was lower than when using GFRP in 
table Table 2-9, and using stiffer steel end tabs gave a higher compression strength 
compared to using glass fibre epoxy end tabs for a 30º taper angle in Figure 2-13 (see 
Chapter 2: Literature Review). The reason for this may be that very few specimens 
were tested.  
 
Table 5-2: Failure strength results for 2 mm thick laminate specimens using carbon 
fibre XAS/914 end tabs and different adhesives 
Adhesive Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Failure 
load 
(KN) 
Failure 
strength 
(MPa) 
Modulus 
(GPa) 
Araldite 
2011 
2 9.917 2.14 -31.22 -1471.1 112.2 
 3 9.897 2.19 -33.54 -1547.5 117.7 
 4 9.943 2.13 -29.69 -1401.9 103.9 
Avg. failure strength (MPa) -1473.5, SD 72.8 MPa, Avg. modulus (GPa) 111.3, SD 7.0 GPa 
3M 
Scotch-
weld 
1 9.95 1.90 -29.44 -1557.3 
 
 2 9.98 1.93 -30.38 -1577.3 115.9 
 3 9.957 1.93 -29.02 -1510.1 121.3 
 4 9.923 2.02 -28.05 -1399.4 112.5 
Avg. failure strength (MPa) -1511.0, SD 79.6 MPa, Avg. modulus (GPa) 116.6, SD 4.4 GPa 
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5.5.3 Computational Model 
 
In the computational model the end tab properties of woven glass-fibre epoxy were 
replaced with those of carbon fibre epoxy T300/914. The effect of this change was 
investigated for both a 2 mm and 10 mm thick laminate. The bolt preload 
displacement was adjusted appropriately so that the bolt preload was the same as for 
the glass fibre end tab. 
 
5.5.4 Computational Results 
 
Figure 5-17 shows that the predicted peak longitudinal stress is greater using carbon 
fibre end tabs and the longitudinal stress in the clamped region is almost constant. The 
carbon fibre/epoxy end tabs are 378% stiffer in the longitudinal direction and 20% 
stiffer in the thickness direction than the woven glass epoxy end tabs. This will 
prevent through-thickness expansion of the end loaded section within the clamped 
region. This means there is a greater difference in boundary conditions between the 
clamped section and the gauge section, as well as more compaction, which will 
increase the peak longitudinal stress. The longitudinal stress in the clamped section 
will be greater because carbon end tabs transfer less shear stress due to greater 
longitudinal stiffness, see Figure 5-19. This means that more of the load will be 
transferred in the fibre longitudinal direction by end loading. 
 
  168
Figure 5-17: The effect of using carbon fibre end tabs on the longitudinal stress 
distribution for a 2 mm thick laminate at the time of fibre failure 
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The constant longitudinal stress in the clamped section suggests that no load is 
transferred by shear in that section of the specimen. This is confirmed by Figure 5-19. 
This may be because there is less shear stress generated due to the high stiffness of the 
end tabs in the longitudinal direction. 
 
Gauge section 
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Figure 5-18: The effect of using carbon fibre end tabs on the longitudinal stress 
distribution for a 10 mm thick laminate at the time of fibre failure 
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Figure 5-18 compares the effect of using carbon fibre epoxy end tabs on the 
longitudinal stress distribution for a 10 mm thick laminate. Higher longitudinal 
stresses compared to using woven glass fibre/epoxy end tabs are predicted along the 
clamped length of the specimen as well as in the gauge section; the peak longitudinal 
stress is higher for the carbon fibre epoxy end tabs. The strength improvement is more 
than double for the 10 mm thick laminate specimen (20.9%) compared to the 2 mm 
thick laminate specimen (8.8%). This is likely to be due to the effect of greater 
compaction in the 10 mm thick laminate design as the thicker laminate tries to expand 
more, due to the Poisson’s effect, but is not able to due to the confinement. 
 
The longitudinal stress continues to increase gradually along the clamped section for 
both designs. This is different from the 2 mm thick laminate specimen data. The 
reason for this may be that due to the greater thickness of the laminate, shear stresses 
are still generated at the surface using carbon end tabs, see Figure 5-20. 
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Figure 5-19: The effect of using carbon fibre end tabs on the shear stress distribution 
(ZX) for a 2 mm thick laminate, at the time of fibre failure 
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As shown in Figure 5-19 the predicted shear stresses along most of the specimen 
length for the 2 mm thick laminate are lower when using carbon fibre epoxy end tabs. 
This is due to the higher longitudinal stiffness of the carbon fibre epoxy end tabs 
which reduces shear deformation. The shear stress at the end of the specimen is very 
high for the model using carbon fibre epoxy end tabs, and the peak stress occurs here. 
This may be because the end loading applied causes shear deformation at the end of 
the specimen and the carbon fibre end tabs are not able to carry shear load effectively 
due to the higher stiffness.  
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Figure 5-20: The effect of using carbon fibre end tabs on the shear stress distribution 
(ZX) for a 10 mm thick laminate, at the time of fibre failure 
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As shown in Figure 5-20, the predicted shear stresses along most of the specimen 
length are lower when using carbon fibre epoxy end tabs. As for the 2 mm thick 
laminate, this is due to the higher longitudinal stiffness of the carbon fibre epoxy end 
tabs which reduces shear deformation. The difference in shear stresses at the surface 
for the different materials is less when compared with the shear stresses for the 2 mm 
thick laminate.  Due to the higher thickness of the laminate, the end tab material has 
less influence on the shear stresses. This is because the shear stresses generated are 
due to the ZX displacement between the surface and the centre of the laminate is more 
different for the 10 mm thick laminate. 
 
For both the 2 mm and 10 mm thick laminates the regions of failure are the same 
using both end tab materials. Therefore the predicted failure mode is still not valid for 
the 10 mm thick specimen even though a different end tab material is used. 
 
 
 
Glass/epoxy end  tabs 
Carbon fibre epoxy end tabs 
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5.5.5 Conclusions 
 
From the FE work, for both the 2 mm and the 10 mm thick laminate a higher strength 
is predicted using carbon fibre end tabs. The difference in trend compared to the 
experimental results may be because no adhesive was modelled in the FE work. This 
would have affected the way stresses were transferred from the end tab to the laminate 
and therefore affected the failure stress. More experimental tests are required to 
confirm the higher measured strength using carbon fibre/epoxy end tabs. 
 
5.6 The Effect of Changing the Applied Torque 
 
The value of shear and end loading applied to the specimen is the same for the 10 mm 
thick laminate and the 2 mm thick laminate. Premature failure in the 10 mm thick 
laminate may be influenced by the through-thickness torque loading combination 
which is not optimised for this specific thickness; the combination was originally 
optimised for a 2 mm thick laminate specimen [70]. Larger torque values are 
investigated computationally for the 10 mm thick laminate including double the 
applied torque and triple the applied torque for both the inner and outer bolts 
simultaneously. A larger torque is predicted to result in a larger load being transferred 
to the specimen in shear, therefore resulting in earlier failure since initial failure is due 
to shear. A smaller torque combination was also applied, where half the standard 
applied torque was used. A smaller torque is predicted to result in a smaller load being 
applied by shear, which may result in later failure. 
 
5.6.1 Computational Model 
 
Models for the 10 mm thick laminate were considered with an applied torque of half, 
double and triple times the standard torque applied. The torque was first applied as 
converted axial force in initial models in order to determine the displacements at 
equilibrium for the main models as normal.   
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5.6.2 Computational Results 
 
As shown in Figure 5-21, the peak longitudinal stress concentration is predicted to be 
reduced by halving the applied torque and also by doubling and tripling the torque. 
The stress concentration is reduced in the case of halving the torque because the 
through thickness force acting on the specimen is less which allows more longitudinal 
displacement within the clamped section of the specimen. The change in boundary 
conditions between the clamped and gauge section will then be less abrupt, reducing 
the stress concentration. The stress in the gauge section increases slightly by halving 
the torque but not significantly. The predicted failure is still outside the gauge section. 
 
Figure 5-21: The effect of increasing the applied torque on the longitudinal stress 
distribution of a 10 mm thick laminate specimen, at time of fibre failure 
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The longitudinal stress in the clamped section is predicted to be reduced by increasing 
the applied torque. This is because increasing the torque means that more load is 
transferred by shear within the specimen. The longitudinal strength in the gauge 
section is predicted to reduce by 10% by doubling the torque and reduce by 14% by 
tripling the torque. This is because greater shear loading causes premature failure. 
Gauge section 
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Therefore the peak longitudinal stress concentration when using double or triple the 
applied torque is lower due to premature failure of the specimen. 
 
Figure 5-22: The effect of increasing the applied torque on the shear stress distribution 
of a 10 mm thick laminate specimen, at time of fibre failure 
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Figure 5-22 shows that a trend is predicted between the applied torque and the shear 
stress distribution and peak shear stress. As the applied torque increases the shear 
stress increases. This confirms that a higher torque will cause earlier failure compared 
to using a standard torque since the peak longitudinal stress is lower when a higher 
torque is applied.  
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5.6.3 Conclusions 
 
The predicted results suggest that reducing or increasing the applied torque will not 
improve the failure mode because the reduction in the longitudinal stress 
concentration is not significant enough for failure to occur within the gauge section. 
The predicted results also suggest that using the standard torque is close to the 
optimum for the 10 mm thick laminate since the highest longitudinal peak stress is 
predicted for this torque. 
 
 
5.7 The Effect of Changing the End Tab Taper Angle 
 
The stress concentration at the end of the specimen gauge section in the fillet region 
may be affected by the end tab taper angle. Variation in the end tab taper angle has 
been investigated for the 10 mm thick laminate in order to determine the effect on the 
stress concentration and whether the stress concentration can be reduced significantly 
by changing the angle. End tab taper angles of 30°, 45° and 60° were considered 
computationally, see Figure 5-23. 
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Figure 5-23: Different end tab taper angles, (a) 30˚, (b) 60˚ 
 
                 (a)                                     (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.7.1 Computational Model 
 
The mesh density in the fibre longitudinal direction had to be varied slightly for each 
model in order to accommodate for the different geometries and allow the nodes to 
merge for the carbon, end tabs and resin fillet. The number of elements along the 
longitudinal direction for the 30˚, 45˚, 60˚ end tab taper was 152, 147, 159; the 
difference in mesh density was considered small. 
  177
5.7.2 Computational Results 
 
Figure 5-24 shows that the highest stress in the gauge section is predicted to occur 
using a 45˚ taper angle and the lowest constant stress in the gauge section is predicted 
to occur using a 60˚ taper angle. Using a 30˚ or 60˚ taper angle is predicted to reduce 
the stress in the gauge section compared to the standard design. This means that these 
taper angles are predicted to reduce the specimen strength.  The stress concentration at 
the start of the end tab fillet region is still present using a 30˚ or 60˚ taper angle. 
 
Figure 5-24: The effect of varying the end tab taper angle on the longitudinal stresses 
in the specimen for a 10 mm thick laminate, at the time of fibre failure  
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A specimen with a 30˚ taper angle at the end tab is predicted by the model data to 
reduce the longitudinal compression strength because the geometry requires an 
increase in the resin fillet length compared to using a 45º taper angle, see Figure 5-23. 
The fillet stiffness is lower than the end tab stiffness therefore the laminate can 
expand more freely in the fillet section. The 30˚ taper angle design uses a fillet which 
has more contact with the carbon composite compared to the other designs, therefore 
Gauge section 
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the laminate experiences less compaction close to the gauge section. This will reduce 
the overall strength since the lamine is less supported in this region. Due to the 
geometry, failure in the 30˚ end tab taper angle design occurs further away from the 
gauge section compared to using a 45˚ end tab taper angle design. The longitudinal 
stresses in general are also lower along the length of the specimen using a 30˚ end tab 
taper angle design because a lower maximum load is applied to the specimen, 
indicated by an earlier fibre failure time of 0.009s. 
 
The use of a 60˚ end tab taper angle is predicted to have a lower strength because 
there is less longitudinal displacement in the resin fillet region, since this region is 
shorter, see Figure 5-23. The longitudinal stresses in general are lower along the 
length of the specimen using a 60˚ end tab taper angle design because a lower 
maximum load is applied to the specimen, indicated by an earlier failure time of 
0.0095s. This design is also predicted to have a higher longitudinal compression 
strength compared to the 30˚ end tab taper angle design. This indicates the importance 
of the longitudinal displacement in the fillet region. 
 
This is an interesting result as most papers would indicate a smaller taper angle is 
prefereable. However this study, unlike others, includes parts of the fixture such as the 
clamping block and end block which have contact with the fillet and therefore affect 
its displacement. 
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Figure 5-25: The effect of varying the end tab taper angle on the shear stresses in the 
specimen for a 10 mm thick laminate, at the time of fibre failure 
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Figure 5-25 indicates that less shearing occurs using a 30˚ taper angle because the 
length of the end tab in contact with the laminate is less. Since the end tab carries 
shear load, less contact between the end tab and the laminate reduces the ability of the 
specimen to carry shear load. Less shearing occurs using a 60˚ taper angle design 
since the fillet region is shorter which allows less longitudinal displacement and 
causes premature failure. 
 
5.7.3 Conclusions 
 
The use of a 45˚ taper is predicted to give higher strength results compared to using a 
30˚ or 60˚ taper. This suggests that it is close to an optimum taper angle. 
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6. : The Development of a Waisted Specimen Design 
 
A waisted design was considered in order to eliminate the peak longitudinal stress 
concentration outside the gauge section. Also, the advantage of this design is that the 
specimen is encouraged to fail in the waisted section, depending on the minimum 
profile thickness, because the cross sectional area is small relative to the ends of the 
specimen. The parametric study presented in Chapter 5 predicted that for several 
designs, such as a reduction in the specimen width and using carbon fibre epoxy end 
tabs for the 10 mm thick laminate specimen, an increase in the longitudinal strength 
was accompanied by a reduction in the peak shear stress. This is because the designs 
encourage more load to be carried by end loading instead of shear loading. Therefore 
waisting the specimen may reduce the shear stresses generated which would result in 
higher compression strength measurements. 
 
The circular waisted design has been investigated by Shaw and Sims [106] and Lee 
and Soutis [112] for waisting in either the thickness direction or the width direction 
which did not reach the strength of a 2 mm thick composite. This study includes an 
investigation of waisting on all four faces. 
 
6.1 Waisted Design FE Analyses 
 
For the waisted design the presented results are taken along the specimen length at the 
mid-thickness and maximum width unless specified otherwise, see Figure 6-1. This is 
because the predicted failure is always at the surface of the specimen, where the 
clamped part of the face is always in contact with the fixture. 
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Figure 6-1: Data location line for waisted specimen design 
 
 
6.1.1 Circular Waisted Design 
 
A circular design was considered because it is a simple shape and therefore 
straightforward and quick to manufacture.  
 
In the computational models waisting in only the width direction and in both 
directions was considered. The waisted geometry coordinates were calculated in Excel 
and then input into Ls-Ingrid where the file was output into a format usable in LS-
Dyna. In LS-Ingrid, the waisted section was created by constructing a curve from the 
coordinates and superimposing the curve onto the standard parallel design. The 
number of elements in the width direction in both models was the same. The curves 
for all the waisted design models were at the integration points. The geometry of the 
specimen model used a 30 mm waisted length and had an overall length of 110 mm, 
see Figure 6-2. 
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Figure 6-2: Circular waisted geometry as seen from the specimen thickness direction 
(Z), 30 mm waisted length in the x direction 
 
 
 
 
 
 
Not all of the models were run with the failure criteria index code in order to save 
time. Only those models which used a new profile shape were run with the failure 
criteria index code so that their effectiveness could be compared. Failure for all of 
those models run with the failure criterion index code had initial fibre kinking failure. 
The other models were run until the average stress in the middle of the specimen was 
1500 MPa because this is approximately the strength measured experimentally for the 
2 mm thick reverse chamfer parallel sided specimen using 3M Scotchweld adhesive. 
 
6.1.1.1 Circular Waisting in the Width Direction 
 
The peak longitudinal stress was predicted to be in the waisted section and the stress 
value was found to be the same as the predicted peak stress value for the 10 mm 
parallel sided reverse chamfer design, see Figure 6-3. The lowest stress was predicted 
to occur at the start of the waisted section. The longitudinal stress along the clamped 
section was almost constant; this is very different to the longitudinal stress in the 
clamped section for the standard design. The difference is due to the waisted gauge 
section, as this section of the specimen carries more load in shear compared to the 
clamped section which does not carry any shear load. 
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Figure 6-3: Longitudinal stress comparison for standard 10 mm design and circular 
width waisted specimen design 
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The τxy shear stresses are the main shear stresses in the specimen as they are the 
highest, although the τzx shear stresses are also fairly high. This is different from the 
standard design where the τzx shear stresses are the main shear stresses to consider. 
The difference is due to waisting of the specimen in the width direction (i.e. the 
variation in width) combined with the application of the applied bolt torque causing 
expansion in the fibre transverse direction (and not the laminate through thickness 
direction) due to the location it is applied to.  In the parallel sided design, the τxy shear 
stresses are not the main shear stresses because the displacement in the fibre 
transverse direction along the length of the specimen is the same since the width is 
constant. 
 
The largest shear stresses for the different profiles are compared in order to assess the 
shear stress distribution in the width waisted model. As shown in Figure 6-4, the 
model predicts that the peak XY shear stress in the specimen has a similar peak stress 
value as the peak ZX shear stress in the standard 10 mm thick design model. The 
Gauge 
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shear stresses in the waisted design are all transferred by the waisted section, which is 
different from the way the shear stresses are transferred in the standard design. 
 
The XY shear strains were significant in the waisted design compared to a parallel 
sided section because in the waisted section 
x
v
∂
∂
 in                               Equation 6-1 is 
larger. Due to the Poisson’s effect there will be expansion in the fibre transverse 
direction, the amount of expansion will depend on the initial width. Since the width 
varies due to waisting, there will be variation in the amount of expansion, generating 
shear stress. In the clamped section the XY shear stress is negligible because there is 
no transverse expansion at the surface so 
x
v
∂
∂ is zero. Also there are no forces acting on 
the specimen in the transverse direction and the boundary conditions are constant in 
this direction  in the clamped section so there is no variation in longitudinal 
displacement along the surface at the maximum width location where the specimen is 
in contact with the fixture, so 
y
u
∂
∂ is zero. Therefore, overall in the clamped section 
xyγ is zero. 
                                                                                               
                                                                                          Equation 6-1 
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Figure 6-4: Shear stress distribution in 10 mm thick reverse chamfer specimen design 
and circular width waisted specimen design, at the time of fibre failure 
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Figure 6-5: Longitudinal strains in width waisted circular design, at the time of fibre 
failure 
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Failure is predicted to initiate by fibre kinking failure occurring in the waisted section, 
close to the middle of the specimen, see Figure 6-6. This is similar to the experimental 
failure location shown in Figure 6-31. The τxy shear stresses at this location are high. 
The matrix failure index at the time of fibre failure is predicted to be fairly high (0.67). 
The different failures are predicted to occur at different locations. The matrix failure 
index at the time of fibre kinking failure is high compared with the results for the 
standard parallel sided design (see section 3.3.2). Based on the equation for 
determining the fibre failure index (see Chapter 3), this is because the shear stresses 
close to the peak stress concentration are higher for the waisted design compared to 
the parallel sided design. 
 
 
Figure 6-6: Failure locations and indices for (a) fibre kinking failure and (b) matrix 
failure at the time of fibre kinking failure 
(a)                                                   (b) 
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6.1.1.2 Circular Waisting in the Width and Thickness Direction 
 
For symmetric waisting in both directions the model predicts a lower peak 
compression stress compared to the standard 10 mm thick laminate design with the 
peak stress occurring within the gauge section, see Figure 6-7. The predicted strength 
for the wasited design is -827 MPa, compared with -906 MPa for the parallel sided 
design. 
 
Figure 6-7: Longitudinal stress distribution in 10 mm thick reverse chamfer specimen 
design and circular width and thickness waisted specimen design, at the time of fibre 
failure 
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The maximum shear stress in the waisted model is predicted to be lower than the 
maximum shear stress in the 10 mm thick laminate parallel sided design, see Figure 
6-8. Similar to waisting in only the width direction, it is only the waisted section of 
the design which carries the shear load. This is due to the geometrical design and the 
boundary conditions, already discussed in 6.1.1.1. 
 
Gauge section 
Waisted section 
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Figure 6-8: Shear stress distribution in 10 mm thick reverse chamfer specimen design, 
circular width only waisted design and circular width and thickness waisted specimen 
design 
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At the time of matrix failure, a higher peak stress is predicted for the specimen which 
is circular waisted on all four surfaces (-1350 MPa) compared to the specimen which 
is circular waisted only in the width direction (-1190 MPa) by approximately 13%. 
This is shown in Figure 6-9. This is due to the lower predicted peak shear stresses in 
the specimen which is waisted on all four surfaces, see Figure 6-8. 
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Figure 6-9: Longitudinal stress distribution in the circular width waisted design and 
the circular width and thickness waisted specimen design, at the time of matrix failure 
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6.1.1.3 Conclusions 
 
The models predict that waisting the specimen encourages the specimen to fail closer 
to the centre of the specimen. The use of a circular waisted design on four faces has a  
predicted higher strength than the width waisted design computationally at the time of 
matrix failure.  
  
6.1.2 Elliptical Waisted Design 
 
An elliptical design was investigated computationally in order to assess whether it is 
more capable of carrying longitudinal loading compared to a circular design. The 
ellipse design was considered appropriate because along most of the profile length the 
elements at the waisted surface are more aligned with the longitudinal direction 
compared to circular waisting. The geometry is closer to a parallel sided design 
specimen which is why it was selected. Waisting was made only in the width direction. 
No end tabs were included in most of the designs to save computational time. 
Waisted 
section 
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Figure 6-10: Waisted section of elliptical geometry as seen from the laminate 
thickness direction for a model with a 6 mm minimum width only waisted profile, 30 
mm waisted length in the x direction 
 
6.1.2.1 6 mm Width Waisted Elliptical Design 
 
The model data predicts that the peak longitudinal compression stress of the ellipse  
width waisted design (-861 MPa) is 6% less than the strength of a circular width 
waisted specimen model (-917 MPa) at the timeof fibre failure, see Figure 6-11. This 
small difference is because of larger through thickness stresses at the failure location 
for the ellipse design which would have caused earler failure considering Equation 
3-8. The through thickness stress at the failure location was 1.8 MPa for the ellipse 
design and 1.0 MPa for the circular waisted design. The results also show that the 
difference between the peak longitudinal compression stress and the stress at the exact 
centre of the specimen length is less for the ellipse waisted specimen (i.e. the stress 
distribution in the x direction is more uniform). This means that there is a greater 
reduction in stress concentration using this design. The peak stress for the ellipse 
design is also located closer to the middle of the specimen length compared to the 
circular waisted design. For this reason it was decided to investigate the ellipse 
waisted design further. 
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Figure 6-11: Longitudinal stress results for width waisted specimens for the circular 
and ellipse waisted design with a 6 mm minimum width using end tabs at the time of 
fibre failure 
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The shear stress τxy at the time of fibre failure is predicted to be lower for the ellipse 
waisted design by 5%, see Figure 6-12. This indicates that the overall strength of the 
ellipse waisted design at the time of matrix failure should be marginally higher.  
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Figure 6-12: XY shear stress results for width waisted specimens for the circular and 
ellipse waisted design with a 6 mm minimum width using end tabs at the time of fibre 
failure 
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6.1.2.2 Variation in Width for the Elliptical Waisted Design 
 
The variation in minimum width for the ellipse design was investigated for widths of 
6 mm to 9 mm with an increase in 1 mm for each model. A gauge length of 30 mm 
was used for all the models. 
 
Comparing the longitudinal stress distribution graphs for the different widths, the 
models predict that the 6 mm minimum width design is the one which is most likely 
to fail closest to the middle of the specimen, shown in Figure 6-13. This is because the 
difference in maximum stress in the clamped section and in the waisted section is 
highest. As the specimen minimum width increases, the stress in the clamped section 
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increases. This is because smaller load is carried in shear because a larger cross 
sectional area in the gauge section allows more load to be carried longitudinally as the 
elements are more aligned with the vertical fibre longitudinal direction.   
 
Figure 6-13: Longitudinal stress distribution in width wasited ellipse designs of 
varying widths for a stress of 1500 MPa at the specimen middle cross section, with no 
end tabs 
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As with the circular waisted design, the specimen is predicted to carry shear load only 
in the waisted section. As the minimum width of the specimen increases, the shear 
stress in the waisted part of the specimen is predicted to reduce, see Figure 6-14. This 
is because as the minimum width increases, the change in curvature is smaller along 
most of the waisted section. Therefore the shear stresses generated due to Poisson’s 
expansion will be smaller since the width and thickness of the waisted section become 
more consistent. The high shear stresses, beyond the shear strength of the material, for 
widths up to but not including 9 mm suggest that the material would fail in shear 
before reaching a compressive longitudinal stress of 1500 MPa at the middle of the 
specimen. 
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Figure 6-14: XY Shear stress distribution in width waisted ellipse designs of varying 
widths 
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The effect of including reverse chamfered end tabs was considered for the 8 mm 
minimum width laminate, for a waisted length of 30 mm. The longitudinal stresses 
along the clamped length of the laminate are predicted to be lower for the end tabbed 
specimen; this may be because the end tabs carry a small proportion of the 
longitudinal load. The longitudinal stress in the waisted section is also slightly lower 
but insignificant, see Figure 6-15. Overall the end tabbed design is more likely to fail 
in the waisted section as the difference in peak stress at the end of the clamped section 
and in the middle of the laminate is greater (i.e. the peak stress in the gauge section is 
higher than elsewhere). 
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Figure 6-15: Longitudinal stress distribution in width waisted ellipse designs with and 
without end tabs for a minimum width of 8 mm, for 1500 MPa in the gauge section 
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The peak shear stresses are predicted to be reduced in the laminate using the reverse  
chamfer end tab design, see Figure 6-16. This is because for the end tabbed model, the 
resin fillet which extends into the waisted section by 1.5 mm, reduces the amount of 
specimen expansion in the fibre transverse direction in the waisted section. This 
makes the transition in boundary conditions from clamped to unclamped more gradual 
and reduces the amount of shear stress generated. Therefore overall, the use of end 
tabs is desirable. 
 
Waisted section 
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Figure 6-16: XY Shear stress distribution in width waisted ellipse designs with and 
without end tabs for a minimum width of 8 mm, for 1500 MPa in the gauge section 
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6.1.3 3rd Order Polynomial Waisted Design 
 
A third order polynomial design was considered in order to further reduce stress 
concentrations of the elliptical design. Such a profile means that the specimen was 
waisted more gradually closer to the middle of the specimen compared to an elliptical 
design. More gradual waisting would involve less material being removed which 
could mean that the specimen model might be able to carry greater longitudinal load. 
The design was waisted only in the width direction. 
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Figure 6-17: Waisted section of 3rd order polynomial geometry as seen from the 
laminate thickness direction for a model with a 6 mm minimum width only waisted 
profile, using a waisted section length of 30 mm 
 
 
6.1.3.1 6 mm Minimum Width Waisted Cubic Design 
 
The predicted peak longitudinal stress results were significantly lower than the peak 
stress results for an ellipse and circular waisted design, see Figure 6-18. This would 
indicate a lower strength at the fibre failure time, the initial failure type. The peak 
stress was also further away from the middle of the specimen compared to the other 
designs. The reason for the lower failure strength is to do with the geometrical profile 
which has a greater change in gradient closer to the clamped section compared to the 
circular and elliptical profiles. This means that more material is removed close to the 
clamped section compared to the previous profiles. It caused the displacement applied 
by the bolts during the preloading stage to be higher. This resulted in higher through 
thickness stresses at the failure location. The through thickness stress at this location 
was predicted to be 9.2 MPa compared to only 1.0 MPa for the width waisted circular 
design. Hence the fibre kinking index in Equation 3-8 would have reached the failure 
level at a lower applied end load.  
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Figure 6-18: Longitudinal stress results for the circular, elliptical and cubic width 
waisted profile for a 6 mm minimum width end tabbed design, at the time of fibre 
failure 
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The peak shear stress for the cubic waisted design is predicted to be 2% lower than 
the circular waisted design result and 3% higher than the result for an ellipse design. 
This is because in the region of peak shear stress more material is removed from the 
cubic design compared to the circular waisted design and the change in gradient is 
smaller, and less material is removed compared to the ellipse waisted design so the 
change in gradient is larger. Due to the high shear stress results, it was decided to 
improve this design further and investigate other widths. The shear stress results are 
presented in Figure 6-19. 
 
Waisted section 
Predicted failure locations 
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Figure 6-19: XY Shear stress results for the circular, elliptical and cubic width waisted 
profile for a 6 mm minimum width end tabbed design 
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6.1.3.2 Width Effect on the 3rd Order Polynomial Design 
 
The effect of width was considered for the cubic design to determine whether an 
increase in the minimum width would increase the longitudinal strength of the 
specimen. End tabbed specimens were considered and data was taken when the 
average compression stress in the middle of the specimen reached 1500 MPa. 
 
The peak longitudinal stress is predicted to increase with increasing the minimum 
waisted width, see Figure 6-20. The use of a 9 mm minimum waisted width increases 
the peak stress by 2.9% compared with using a 6 mm minimum waisted width. This 
suggests that there is a strength reduction with increasing the minimum waisted width 
since higher stresses mean that the model would fail earlier. This could be due to the 
Poisson’s effect causing greater expansion in the wider specimens, increasing the 
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longitudinal stress. The stress at the middle of the specimen increases slightly for an 
increase in the minimum waisted widths except when a 9 mm minimum width is used 
where the stress increase is more significant. The use of this design results in a 
predicted stress increase of 2.6% at the middle of the specimen, as discussed already 
this could be due to the Poisson’s expansion.  
 
Figure 6-20: Longitudinal stress distribution for the width waisted cubic design for 
varying widths for a stress of 1500 MPa at the specimen middle cross section 
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The peak XY shear stresses for increasing the specimen minimum waisted width are 
predicted to reduce significantly, see Figure 6-21. This is because the width along the 
waisted length is more constant as the minimum width increases when the waisted 
length of the specimen remains constant. A more constant width means a smaller 
difference in laminate expansion in the fibre transverse direction along the length of 
the specimen, due to the Poisson’s effect. 
 
 
Waisted section 
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Figure 6-21: XY shear stress distribution for the width waisted cubic design for 
varying widths for a stress of 1500 MPa at the specimen middle cross section 
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It was decided to investigate the effect of varying the length of the waisted section 
since this is another method for allowing the curvature in the waisted section to be 
gradual. The overall specimen length was kept the same to reduce the amount of 
material used, so a small part of the waisting was within the clamped section, see 
Figure 6-22. The 9 mm minimum width was selected because the greatest longitudinal 
strength was predicted for this design. No end tabs were included in the model in 
order to save computational time. A buckling check was made computationally for the 
70 mm waisted length design, see Appendix 7. 
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Figure 6-22: Specimen with 70 mm total width waisted length, a total length of 110 
mm and a minimum width of 9 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
The predicted peak longitudinal stress results for the different waisted lengths were 
found to be similar, see Figure 6-23. A trend of increasing longitudinal stress with 
increasing waisted length was observed up to a waisted length of 60 mm. The increase 
in stress was small with a difference of 2.5% between a 30 mm and 60 mm waisted 
length. For a 70 mm waisted length the stress increase was found to be smaller (1.3%). 
The increase in stress with increasing waisted length was due to less load being 
carried in shear; as the waisted length is increased into the clamped section, less load 
is transferred to the specimen by shear. For the 70 mm waisted length more than half 
of the clamped section is waisted. However, the stress concentration is reduced by 
using a longer waisted length. 
 
Waisting within clamped section of 
specimen 
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Figure 6-23: Longitudinal stress distribution for the width waisted cubic design for 
varying lengths for a stress of 1500 MPa at the specimen middle cross section 
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The peak XY shear stresses are predicted to reduce significantly with increasing the 
specimen waisted length, see Figure 6-24. This is attributed to the more gradual 
change in curvature with an increased waisted length. This reduction is also associated 
with less shear load being transferred to the specimen with the increase in waisting in 
the clamped section of the specimen. This is because the waisted part of the specimen 
in the clamped section had no contact with the clamping block. 
Waisted section for 
30 mm waisted 
length design 
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Figure 6-24: XY shear stress distribution for the width waisted cubic design for 
varying widths for a stress of 1500 MPa at the specimen middle cross section 
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6.1.4 S Shaped Design 
 
To further reduce the stress concentration at the start of the waisted section of the 3rd 
order polynomial design, it was decided to smooth this waisting in an “s shaped” 
design, as a further development. The design was considered in order to investigate 
another alternative to the circular waisted design. A minimum waisted width and 
thickness of 6 mm were used in order to compare results to the parallel sided 
experimental results. It was decided to waist the specimen in both the width and 
thickness direction in order to encourage failure at the desired location. A flat 3 mm 
parallel sided length was included in the middle of the specimen on all faces so that a 
strain gauge could be bonded flatly onto the carbon composite. 
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In the waisted section the design used the equation y=ax3 for 0≤x≤2 in the positive x 
positive y quadrant and the curve was rotated 180º about the origin to produce the s 
shape. A straight vertical line was then added on to the top curve for a length of 3 mm. 
The limit 13.5≤y≤0 was used in the positive x positive y quadrant in order to produce 
the total waisted length of 30 mm including the 3 mm flat length in the middle of the 
specimen.  
 
It was decided to waist the specimen only in the unclamped section, see Figure 6-25. 
This was in order to ensure that all of the shear stresses from the applied torque could 
be transferred to the specimen by ensuring full contact between the specimen and the 
clamping block. 
 
Figure 6-25: Width and thickness waisted specimen with a 30 mm waisted length in 
the non clamped region of the specimen  
 
 
Longitudinal stress results for the design presented in Figure 6-25 show that the 
design has a predicted strength of -890 MPa which is 4.5% less than the strength of a 
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circular design profile.  This is due to earlier failure of the s shaped profile. The peak 
shear stress in the waisted section is greater for the s shaped profile due to the 
geometry of the profile. Overall the circular waisted design is better than the s shaped 
design, predicted by the results. This is because the predicted failure strength is due to 
a combination of shear and longitudinal stresses, and the s shape profile has higher 
predicted shear stresses.  
 
Figure 6-26: Longitudinal stress distribution for circular waisted and s shaped waisted 
profiles both with a waisted length of 30 mm in the thickness and width directions, at 
the time of fibre failure 
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The peak XY shear stress is predicted to be higher for the s shaped profile by 30.5%, 
see Figure 6-27. This may be due to the inclusion of a flat section at the end of the 
curved part as there is also a small peak in shear stress where the flat, clamped section 
of the specimen meets with the curved part in the s shaped design. The change in the 
geometry to a flat central section causes an increase in shear stress away from the flat 
section due to the different shear displacements by the Poisson’s effect caused by the 
variation in the thickness and the width. The less gradual change in curvature would 
also cause higher shear stresses. 
Waisted 
section 
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Figure 6-27: XY shear stress distribution for circular waisted and s-shape waisted 
profiles both with a waisted length of 30 mm in the thickness and width directions 
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6.1.5 Conclusions 
 
The FE results for different waisted profiles predict that the circular waisted profile 
will measure the highest strength. Based on failure at the matrix failure time, circular 
waisting on all four surfaces will give the highest compression strength. An elliptical 
profile reduces the predicted strength by 6% due to higher through thickness stresses. 
A cubic profile is predicted to have a significantly lower strength due to a 
combination of high shear stresses and higher through thickness stresses. The s shape 
design is predicted to measure a compression strength 4.5% lower than the circular 
width and thickness waisted design due to higher shear stresses. 
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6.2 Experimental Analyses 
 
6.2.1 Circular waisting 
 
Experiments were made to compare strength results for the reverse chamfer parallel 
sided design for different thicknesses, the circular waisted design for different 
thicknesses and the s-shaped profile for a waisted length of 40 mm. The materials 
used were T300/914 and IM7/8552. Some of the waisted specimens were waisted 
only in the width direction or thickness direction in order to confirm the findings in 
Chapter 2- Literature Review.  
 
 
6.2.1.1 Circular Waisting in Width Direction 
 
Specimens were initially waisted only in the width direction to compare data with 
results in the literature review (section 2.3.7), to determine whether minimal waisting 
in only the width direction was a possibility and to compare the results with parallel 
sided specimens with thicknesses of 2 mm and 6 mm. T300/914 was used to produce 
specimens with a minimum width of 6 mm and maximum width of 10 mm with a 
minimum thickness of 2mm and 6 mm. These thicknesses were chosen because it was 
decided to investigate results for specific laminate thicknesses. Results for parallel 
sided specimens were determined for these thicknesses and therefore results for 
waisted specimens using these thicknesses for the minimum thickness could be 
directly compared. End tabs and the reverse chamfer design were included. 
 
A longer gauge length than the standard 10 mm was necessary because the specimen 
required waisting to a depth of 2 mm in the specimen width direction. Therefore a 
gauge length of approximately 40 mm was necessary in order to produce the design so 
that the grinding wheel could reach the required depth. 
 
A 150 mm surface grinder was used to create the waisting where a wheel was passed 
across the specimen until the required depth was reached. 
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The tests were successful with failure occurring in the waisted section although not 
always in the middle of the specimen and sometimes at the end of the end tab. The 
measured strengths were approximately 7% lower compared to average strength 
results for the 2 mm reverse chamfer parallel sided design with a variation of  
approximately 5%, see Table 6-1. This is similar to the drop in strength seen by Shaw 
and Sims [106]. A picture of the failed specimens can be viewed in Appendix 4.  
 
Apart from achieving valid failure modes, compared to the apparent strength of the 
parallel sided design for a 6 mm laminate, the average strength results for the width 
waisted design were approximately 23% higher. Therefore waisting only in the width 
direction was found to be a significant improvement. 
 
 
 
Table 6-1: Circular width waisted specimen dimensions and failure results, T300/914, 
width waisted 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure mode 
1 6.11 5.60 -1441.1 BGT 
2 5.92 5.59 -1367.4 BGM 
3 5.90 5.62 -1548.9 BGB 
4 5.87 5.57 -1412.7 BGM 
5 5.98 5.56 -1357.6 BGM 
Average Ult stress -1425.6 MPa, SD 76.9 
 
The key to the failure mode is presented in Appendix 1. 
6.2.1.2 Circular Waisting in Thickness Direction 
 
A set of specimens was circular waisted only in the thickness direction, again to 
compare results with data in the literature review and to compare results to the 
circular width waisted specimens. The cross section tested for T300/914 was 10 mm 
wide by 6 mm thick (minimum thickness). End tabs and the reverse chamfer design 
were included. 
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The results were not successful with failure occurring in the waisted section but close 
to the clamped region for only two of the specimens. The others (specimens 1,3 and 5) 
failed by non valid failure modes in the gripped region either at the top or bottom of 
the specimen. Through thickness crack developed as well as longitudinal cracks 
separating the end tabs from the laminate, effectively making the specimen parallel 
sided. This is different to the failure locations reported by Soutis and Lee [112] 
because their specimens failed in the middle of the waisted length. However a smaller 
waisted length of 20 mm was used in their study. This is also different to the failure 
types for thick parallel sided specimens. The presence of the end tabs discourages 
longitudinal cracks to develop on the front and back surface of the specimen (ie across 
the width of the specimen). 
 
The average measured modulus for the failed specimens is approximately 7% less 
than the average modulus measured for the 2 mm thick reverse chamfer parallel sided 
specimens. This is due to the surface being curved in the gauge section so the strain 
gauge would have been curved as well. The results are presented in Table 6-2. A 
photograph of the failed specimens can be found in Figure 6-28. 
 
Table 6-2: Circular thickness waisted specimen dimensions and failure results, 
T300/914 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure 
mode 
Modulus 
(GPa) 
1 9.96 5.98 -1411.0 HIB 109.9 
2 9.91 5.98 -1421.0 M(TSD)AT 113.8 
3 9.97 5.95 -1449.1 HIT  
4 9.93 6.10 -1486.1 M(TSD)AT  
5 9.95 6.12 -1474.4 HIT  
Average Ult stress -1448.3 MPa, SD 32.5 MPa, Average Modulus 111.9 GPa, SD 2.8 GPa 
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Figure 6-28: Circular thickness waisted specimens with a minimum thickness of 6 
mm and a width of 10 mm 
 
 
6.2.1.3 Circular Waisting in Width and Thickness Direction 
 
Waisting on all four surfaces was also investigated. Specimens with a square cross 
section and an overall length of 120 mm, maximum width and thickness of 10 mm 
with a minimum thickness and width of 6 mm were tested for T300/914, see Figure 
6-29.  
 
Standard reverse chamfer woven glass/epoxy end tabs were bonded onto the top and 
bottom surfaces of the laminate. A resin fillet was also produced. The waisting was 
done after all the specimen preparation was completed so that the end tabs were also 
included in the waisting and part of the fillet was machined off. A gauge length of 40 
mm was used again to have comparable results to the width and thickness waisting. 
 
Figure 6-29: Circular waisted square cross section specimen with a maximum 
thickness of 10 mm and a minimum thickness and width of 6 mm, T300/914 
 
Results 
 
End tab has been 
separated from 
the specimen 
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The specimens all failed in the middle of the waisted section. The average ultimate 
compression strength achieved was 1513 MPa, 99% of the strength achieved using a 2 
mm thick laminate specimen, with a coefficient of variation of 4%. As well as 
achieving valid failure modes, the average failure strength was also 30% higher than 
apparent results for 6 mm thick parallel sided specimens. The measured average 
modulus of 111 GPa, see Table 6-3, is 8.3% below the measured modulus of the 2 
mm thick laminate specimens. This is due to a non flat surface at the middle of the 
specimen.  
 
 
Table 6-3: Circular waisted specimen dimensions and failure results, T300/914, width 
and thickness waisted 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure 
mode 
 
Modulus 
(GPa) 
1 5.98 6.01 -1592.7 BGM 111.7 
2 5.96 6.06 -1537.2 BGM 111.3 
3 5.92 6.03 -1521.1 BGM  
4 5.90 6.01 -1496.4 BGM  
5 5.93 6.00 -1417.1 BGM 108.5 
Average Ult stress -1512.9 MPa, SD 64.2 MPa, Average Modulus 110.5 GPa, SD 1.74 GPa 
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Figure 6-30: Stress-strain curve for circular waisted profile with a minimum width 
and thickness of 6 mm 
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Apart from fibre kinking, the main failure modes were fibre splitting and delamination 
failure. Failure was observed to initiate from the waisted section but not always from 
the middle of the specimen length, see Figure 6-31. This may have been due to slight 
asymmetry in the waisting as the specimen thicknesses and widths were not precisely 
6 mm as shown in Table 6-3. Imperfections in the laminate would also have 
contributed to failure occurring away from the centre of the specimen. Failure was 
away from the tabbed section which is different from the failures for standard parallel 
sided 2 mm and 10 mm thick specimens in Chapter 3, confirming that the waisted 
specimen is forced to fail in the middle of the specimen as expected. Some degree of 
curvature was present in the stress-strain curve, see Figure 6-30. This was believed to 
be because the strain gauge was not flat as it followed the shape of the profile. 
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Figure 6-31: Failed circular waisted specimens, 6 mm minimum width and thickness 
for T300/914 
 
 
A width and thickness waisted specimen batch for T300/914 with a rectangular cross 
section of 6 mm width by 2 mm thickness was also tested to obtain results which 
could be compared directly with a 2 mm thick laminate. The maximum width and 
thickness of the specimens were 10 mm and 6 mm respectively. 
 
The experiment was successful and the average compression strength was found to be 
approximately 1% greater than that measured for the standard parallel sided 2 mm 
thick specimen. The coefficient of variation was found to be approximately 3%, this is 
only roughly 1% higher than the variation for the parallel sided 2 mm thick design. 
The failure location was always at the centre of the specimen. The results show that 
the cross section does not need to be square and can be rectangular. The results are 
presented in Table 6-4. A photograph of the failed specimens can be found in 
Appendix 4. 
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Table 6-4: Circular waisted specimen dimensions and failure results, T300/914, width 
and thickness waisted 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure 
mode 
1 6.03 1.92 -1496.9 TGM 
2 5.93 1.99 -1498.2 TGM 
3 5.93 1.88 -1532.1 TGM 
4 6.00 1.95 -1625.6 TGM 
5 6.04 1.95 -1567.3 TGM 
Average Ult stress -1544.0 MPa, SD 54.0 MPa 
 
The circular waisted design was tested for IM7/8552 in order to confirm whether 
waisting is a good alternative for other material systems. Specimens were waisted in 
both the width and thickness direction. The original thickness of the laminate was 6 
mm, this was waisted down to 2 mm using the same depth of waisting as T300/914. 
The minimum cross section was 6 mm (width) by 2 mm (thickness).  
 
Results 
 
The results show that the experiments were successful. The obtained strength results 
were approximately 3% lower compared to the average compression strength 
measured for the 2 mm thick parallel sided reverse chamfer design for IM7/8552. The 
coefficient of variation was only 3%. The measured average modulus was 
approximately 4% lower compared to the parallel sided design, similar to the 
T300/914 specimens. The results are shown in Table 6-5. 
 
Three types of failure modes were observed, transverse shear failure, longitudinal 
splitting and delamination. Failure occurred in the centre of the waisted section, 
photos of the failed specimens can be found in Appendix 4.  
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Table 6-5: Circular waisted specimen dimensions and failure results, IM7/8552 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure 
mode 
Modulus 
(GPa) 
1 6.02 2.02 -1453.9 M(TSD)GM 146.7 
2 6.01 2.10 -1548.2 M(TSD)GM  
3 6.00 2.02 -1507.4 M(TSD)GM  
4 6.00 2.04 -1598.0 M(TSD)GM  
5 6.03 2.07 -1534.2 M(TSD)GM 147.6 
Average Ult stress -1528.4. MPa, SD 53.1 MPa, Average Modulus 147.2 GPa, SD 3.47 
 
6.2.2 S Shape Waisted Design 
 
The s shape profile was produced for T300/914 using a CNC machine and by giving 
the coordinates of the profile to 3 decimal places. The overall length of the specimens 
was 120 mm and the waisted length was 40 mm. A square cross section was 
invstigated for a minimum thickness and width of 6 mm. A flat parallel sided gauge 
section was included in the middle of the specimen which had a length of 3 mm. No 
reverse chamfer was included since this would have been completely removed by the 
waisting. Instead the end tab was tapered using a waisted profile, see Figure 6-32. A 
buckling check was made computationally for the design, see Appendix 7. 
 
Figure 6-32: Waisted end tabs used for s shape specimens 
 
 
 
 
 
 
The design was successful with most of the specimens failing in a valid failure mode, 
usually at the top or bottom of the waisted section, see Figure 6-33 and Table 6-6. The 
average compression strength was approximately1527 MPa, the same strength 
achieved for 2 mm thick parallel sided specimens. This is 31% higher than the 
average strength measured for a parallel sided 6 mm thick specimen. The specimen 
which achieved the second highest strength of -1628 MPa failed in the flat parallel 
sided section in the middle of the specimen, see Figure 6-33. The coefficient of 
End tab 
Laminate 
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variation of approximately 5% was similar to that for circular waisted specimens with 
a cross section of 6 mm by 6 mm.  
 
Initially fibre splitting was observed to start from the end of the gauge section, 
separating the waisted part from the specimen and making the cross section 
rectangular. This occurs due to the generation of shear stresses. The kinking failure 
mostly occurs where there is maximum curvature in the profile, see Figure 6-33, 
although there is some variation in the exact failure location. Failure occurs in the 
gauge section for specimen 8, suggesting that failure outside the gauge section may be 
due to slight imperfections in the laminate since there was no difference in geometry 
between specimen 8 and the rest of the specimens. The highest strength of -1644 MPa 
was observed for specimen 9; the failure of this specimen is in the region of maximum 
curvature of the profile. Specimen 1 measured the lowest compression strength; the 
failure occurs at the end of the waisted section. These observations suggest that the 
measured strength depends on the failure location. 
 
The average modulus measured was 124 GPa, approximately 2% greater than that for 
the parallel sided 2 mm thick specimen. The similarity provides further evidence to 
back up the inaccuracy in the measured modulus caused by having a non flat gauge 
section. It also suggests that including a flat parallel section with a length of 3 mm is a 
suitable solution to the problem. The stress strain curve was found to be slightly more 
linear compared to that obtained for the circular waisted specimens with a 6 mm by 6 
mm cross section, see Figure 6-34. 
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Table 6-6: S shape waisted specimen dimensions and failure results, T300/914 
Specimen 
number 
Width 
(mm) 
Thickness 
(mm) 
Ultimate 
Failure 
Strength 
(MPa) 
Failure 
mode 
Modulus 
(GPa) 
1 5.95 5.29 -1443.3 M(TSD)GT 124.8 
2 5.95 5.29 -1465.9 M(TSD)GB 122.4 
3 5.98 5.31 -1580.3 M(TSD)GT  
4 5.81 5.28 -1542.2 M(TSD)GT  
5 5.82 5.37 -1447.8 M(TSD)GB  
6 5.88 5.43 -1613.0 HIB  
7 5.95 5.24 -1447.5 HIB  
8 5.95 5.28 -1627.5 M(TSD)GM  
9 5.83 5.35 -1644.1 M(TSD)GB  
10 5.94 5.35 -1454.7 M(TSD)GT  
Average Ult stress -1526.6. MPa, SD 83.5 MPa, Average Modulus 123.6 GPa, SD 1.7 GPa 
 
 
Figure 6-33: Failure location in s-shape profile specimens using a 40 mm waisted 
length and a 6 mm minimum thickness 
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Figure 6-34: Stress-strain curve for s shape waisted profile with a minimum width and 
thickness of 6 mm, specimen 1, from strain gauge 
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Specimens with a 14 mm thickness waisted down to a minimum thickness of 10 mm, 
a minimum width of 6 mm and a waisted length of 70 mm using an s-shape profile 
were also tested using T300/914, no end tabs were used. Only the first two specimens 
tested had valid failure with an average compression strength of 1131 MPa, 26% less 
than the average failure strength of waisted s-shape profile specimens with a 
minimum thickness of 6 mm and waisted length of 30 mm. The failure was only 
initiated from one half of the waisted length and occurred at the end of the waisted 
section, see Figure 6-35. This may have been the cause of the lower measured 
strength. The rest of the specimens did not have valid failure as failure occurred in the 
clamped region as end crushing, see Figure 6-35.  
 
Fibre splitting occurred mostly in the width direction or in the thickness direction and 
developed only in one half of the specimen. This may have been as a result of the 
longer waisted length causing too high reduction in the shear stresses so that the shear 
stresses were not high enough to induce failure in the waisted section. The results 
suggest that the minimum thickness to waisted length ratio is important when 
choosing the profile. 
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Figure 6-35: S-shape profile specimens with a 10 mm minimum thickness and a 70 
mm waisted length, T300/914 
 
 
 
 
 
 
6.2.3 Summary of Experimental Results 
 
The results in Figure 6-36 show that the highest compression strength for an 
individual specimen of 1644 MPa was achieved using the s-shape profile for a waisted 
length of 40 mm, waisted on all four sides for a minimum thickness of 6 mm using 
T300/914. The average compression strength for this design was 1527 MPa with a 
standard deviation of 83.5 MPa. The next highest individual specimen strengths of 
1625 MPa and 1592 MPa were for circular waisted specimens on all four sides for 
minimum specimen thicknesses of 2 mm and 6 mm respectively. Their average 
compression strengths were 1544 MPa (2 mm minimum thickness) with a standard 
deviation of 54.1 MPa and 1513 MPa (6 mm minimum thickness) with a standard 
deviation of 64.2 MPa. This suggests that, taking into account the standard deviation, 
waisting thick specimens gives similar strength results to a 2 mm parallel sided 
reverse chamfer design using 3M-Scotchweld adhesive for T300/914. 
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Figure 6-36: Measured compression strength for different specimen profiles and thicknesses
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The effect of only waisting the specimen in the width direction was considered for the 
circular waisted design for a thickness of 6 mm and minimum width of 6 mm. The 
measured compression strength was found to be less than when waisting on all four 
sides of the specimen, for a minimum thickness of 6 mm, by 6% for T300/914. The 
strength of the width waisted specimen was 7% less than for a 2 mm thick standard 
design specimen.  
 
The effect of waisting in only the thickness direction was considered for the circular 
profile for a minimum thickness of 6 mm using T300/914. The average apparent 
compression strength measured for the design waisted in only the thickness direction 
was less than for the design waisted on all 4 sides by 4%. This is because for more 
than half of the specimens the final failure occurred in the clamped section of the 
specimen, in a non valid failure mode. It is still an improvement in strength compared 
to the standard parallel sided 6 mm thick specimen by 25%. However the results are 
not useful since the failure mode for more than half of the specimens was not valid.  
 
The experimental results show that waisting on all four sides is required to encourage 
failure to be closer to the middle of the specimen. This means that the test is more 
accurate because the FE results predict that the longitudinal stress is slightly more 
constant over a small distance at the middle of the specimen. There is a 5.5% 
difference between the peak stress and the stress at the centre of the specimen for 
waisting on four surfaces, this value is 8.3% for waisting on only two surfaces. If the 
stresses are uniform then it means that the experimental strength determined is 
representative of the whole gauge length. The results are also higher compared to 
waisting only in the width direction or only in the thickness direction.  
 
This relationship is similar to the FE work where circular waisting on all four faces is 
predicted to increase the compression strength at the time of matrix failure compared 
to waisting on only two faces.  The predicted compression stress at the time of matrix 
failure for waisting on four surfaces was 1350 MPa, this value was 1190 MPa for 
waisting on two surfaces. This compares to experimental strength values of -1513 
MPa and -1426 MPa for waisting on four surfaces and two surfaces respectively. 
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This study on waisted designs has demonstrated using FE simulations and 
experiments that waisting thick UD laminates produces results that are the same as 
those for 2 mm thick parallel sided designs. Therefore it has been shown that the true 
compression strength of thick laminates can be measured experimentally by careful 
specimen design. It also follows that by careful design, the use of a stable fixture and 
attention to detail in manufacture and testing, the 2 mm thick parallel sided design is 
all that is necessary, and that you don’t need to measure the strength using thick 
laminates. Thin laminate data can be used for the design of thick sections. Also based 
on the results for waisted specimens, the common idea of scaling effects for thick 
composites may not exist. 
 
The modulus was found to be lower for circular waisting due to the non flat and 
curved gauge section. Including a flat, parallel section with a length of 3 mm on all 
four sides for the s shaped specimens was found to be a good solution to the problem. 
  
The significantly lower strength results for specimens with a 14 mm thickness waisted 
down to a minimum thickness of 10 mm, a minimum width of 6 mm and a waisted 
length of 70 mm using an s-shape profile suggest that the profile gauge section length 
and minimum thickness need to be optimised differently for different laminate 
thicknesses. 
 
6.3 Conclusions 
 
Waisting thick specimens caused failure to occur in the waisted section of the design 
and not in the clamped section, resulting in a valid failure mode for both the 
experiments and the predicted computational models. The best predicted FE model 
strength results were for circular waisted and s shape waisted designs. For the circular 
waisted specimens, waisting only in the width direction sometimes resulted in 
experimental failure that was at the end of the waisted section and a lower failure 
strength compared to waisting on all four surfaces was also measured. Circular 
waisting on all four surfaces from a cross section of 10 mm by 10 mm to a minimum 
cross section of 6 mm by 6mm gave experimental compression strength results which 
were almost the same as for a 2 mm thick parallel sided specimen. 
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For the s-shape specimens waisting down to a cross section of 6 mm by 6 mm from 
10 mm by 10 mm gave the same strength results as for a 2 mm thick parallel sided 
specimen. For both the circular and s shape profile designs longitudinal fibre splitting 
and delamination were observed before fibre kinked occurred. Both waisted profiles 
are recommended to cause failure in the waisted section for thick laminates. The 
circular profile is easier to produce because it does not require the use of a CNC 
machine. To measure the modulus accurately for a waisted design, a flat parallel sided 
section at the centre of the specimen is sufficient.  
 
For other composite materials not used in this study it could be difficult to produce the 
waisted design. eg. For glass-fibre epoxy, the material is normally produced in sheets 
and gluing the sheets together to form a 10 mm thick laminate would not be suitable 
for compression testing.  
  225
7 : Conclusions 
 
The longitudinal compression strength of thick unidirectional composite laminates 
using the standard parallel sided design has been confirmed to be “apparent”. The 
reason for the invalid failures has been investigated and an understanding has been 
developed using 3-D FE models. A peak stress concentration was predicted to exist at 
the end of the gauge section for the 2 mm thick specimens and outside the gauge 
section for the 10 mm thick specimens from the FE investigation. The reason for the 
peak stress outside the gauge section for the 10mm thick specimen is the Poisson’s 
effect which causes greater through-thickness expansion with increasing thickness. 
This means the combined longitudinal and shear stresses are already high enough to 
cause failure before the gauge section. Greater through-thickness expansion, which is 
not uniform along the longitudinal fibre length, also results in more out of plane fibre 
waviness. 
 
Experiments were conducted to examine the effects of imperfections as several 
studies in the literature review had found that they affect the measured compression 
strength. Both specimen misalignment and fibre misalignment were found to reduce 
the measured strength results but the effect of fibre misalignment was found to be 
more significant. The fibre volume fractions of both the thin and thick laminates were 
similar, suggesting that any difference in strength and invalid failure modes were not 
related to the fibre volume fraction.  
   
A parametric study was made in order to investigate relieving the stress 
concentrations at the start of the gauge section in the 2 mm thick parallel sided 
laminate specimens and to investigate how to encourage the 10 mm thick parallel 
sided specimens to fail in the gauge section, changing the location of the peak 
longitudinal stress concentration. Reducing the width of the standard 10 mm thick 
specimen model reduced the longitudinal stress concentration but did not increase the 
compression strength and did not result in failure within the gauge section. Reducing 
the friction coefficient of surfaces where the specimen was in contact with the fixture 
for the 10 mm thick specimen model also reduced the peak stress concentration but 
did not increase the compression strength. The use of carbon fibre end tabs was found 
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to reduce the longitudinal stress concentration, increase the predicted strength and 
possibly result in failure within the gauge section for a 10 mm thick laminate FE 
model. However since the experimental strength achieved for a 2 mm thick standard 
specimen for this design did not result in an improvement over the woven glass epoxy 
normally used, this design was not investigated further on the grounds of cost. For the 
2 mm thick specimen, using 3M Scotch-weld adhesive was found to increase the 
strength results by 8.8% compared to using Araldite 2011.   
 
The design of a waisted specimen was investigated both experimentally and using FE 
models. The circular width and thickness waisted design showed potential as a 
possible alternative design as the strength of a 6 mm minimum thickness specimen 
(i.e. the thickness at the centre of the waisted section) was found to be similar to a 2 
mm thick parallel sided design, failure occurs in the waisted section and the results are 
reliable. The profile is also easy to manufacture. Waisting in only the thickness 
direction using a circular profile with a minimum thickness of 6 mm did not result in 
valid failures and waisting in only the width direction using the same profile measured 
strengths which were quite close to the strength measured for a 2 mm thick parallel 
sided specimen. Another possible alternative is the s-shape design which uses a third 
order polynomial profile. The results achieved with this design were almost the same 
as those achieved with the circular design, both with a minimum width and thickness 
of 6 mm. The advantage of the s-shape profile is that a flat section is included for 
attaching a strain gauge in the central region of the specimen. However this design is 
more complex to manufacture in that it requires a CNC grinding machine. For both 
designs, careful manufacturing is required because symmetry of the profile is 
important. 
 
Further work for developing the FE models could include a failure criteria code for 
longitudinal fibre splitting and delamination. These types of failure, which were 
present in all of the waisted specimens in the waisted sections, occurred before 
eventual failure by fibre kinking. FE models could confirm whether fibre splitting and 
delamination influence the predicted compression strength.  
 
Cohesive elements could be included in the model. This would increase the accuracy 
of the results as it would allow bonding of the laminate with the end tabs and the resin 
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fillet instead of merging the nodes of the elements. This would especially increase the 
accuracy of shear stresses on the carbon fibre/epoxy laminate surface (because the 
adhesive properties would affect how the shear stresses are transferred from the end 
tabs to the laminate), the accuracy of the friction coefficient sensitivity (since shear 
stress is affected by the friction coefficient) and change in applied torque studies. The 
FE models could also be used to investigate the effect of imperfections, particularly 
for thick specimens and waisted specimens. 
 
The FE model could also be developed further by modelling the fixture more 
accurately such as the torque bolts and using more accurate material properties for the 
steel. It might also be interesting to model one half of the fixture and see what effect 
this has on the results compared to modelling one quarter of the fixture. It would be 
useful to measure the friction coefficient between the specimen and the fixture so that 
a more accurate value can be input into the model. In the real fixture, the surface 
friction of the clamping block could be changed to improve the understanding of the 
test rig. Also, the forces applied to the specimen through the clamping block due to 
the torque could be measured to investigate how much of the torque is transferred to 
the specimen. The loading rate could also be varied. 
 
The specimen design profile has only been investigated for carbon fibre/epoxy 
composites. The same profile could be investigated for glass fibre/epoxy composites 
to determine whether it causes valid failure in thick specimens and whether their 
strength will be found to be similar to thin specimens. In addition it would be 
interesting to scale up the specimen size to see whether waisting the specimen works 
for any laminate thickness. 
 
For specimens thicker than 20 mm, a scaling technique would normally be used on the 
width and length dimensions. Due to the larger cross section, a much higher load 
would be required to cause compression failure. This may exceed the maximum load 
which could be applied using the fixture and load cell used in this investigation. Also 
the applied torque could also be larger and if used with the current fixture might 
damage the clamping block and cause it to deform. Therefore it would be better to 
apply the torque as a through thickness force of uniform magnitude along the length 
of the clamping block. 
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Regarding the accurate measure of strain, for curved surfaces it would be useful to 
investigate the use of a digital spectrometer. This would eliminate the use of a strain 
gauge so the curved surface would not be a problem. 
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Appendix 1: Failure Identification 
 
Figure 1: ASTM Standard D 3410/D 3410M-95 
 
 
 
 
 
 
 
  238
Appendix 2: C-scans 
 
Figure 2: 6 mm thick laminate T300/914 
 
 
Figure 3: 10 mm thick laminate T300/914 
 
 
Figure 4: 10 mm thick laminate T300/914 
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Figure 5: Laminates for standard parallel sided specimens for IM7/8552 
 
 
 
 
Figure 6: Laminates for fibre misaligned specimens and misaligned specimens for 
IM7/8552 
 
 
 
Figure 7: Laminates for waisted specimens for IM7/8552 
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Appendix 3: Experimental Data 
 
Parallel sided specimens 
 
Figure 1: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen using Araldite 2011 adhesive for T300/914 
 
 
Figure 2: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen for T300/914, specimen 1 
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Figure 3: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen for T300/914, specimen 2 
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Figure 4: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen for T300/914, specimen 6 
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Figure 5: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen for T300/914, specimen 7 
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Figure 6: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen for T300/914, specimen 1 
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Figure 7: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen for T300/914, specimen 2 
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Figure 8: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen for T300/914, specimen 6 
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Figure 9: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen for T300/914, specimen 10 
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Figure 10: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 6 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 11: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 6 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 12: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 13: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 14: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 15: Compressive stress-strain graph for front and rear strain gauges of a 6 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 16: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 17: Compressive stress-strain graph for front and rear strain gauges of a 10 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 
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Figure 18: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 1˚ fibre misalignment 
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Figure 19: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 1˚ fibre misalignment  
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Figure 20: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 3˚ fibre misalignment 
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Figure 21: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 3˚ fibre misalignment 
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Figure 22: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 5˚ fibre misalignment 
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Figure 23: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 5˚ fibre misalignment 
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Figure 24: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 3˚ specimen misalignment 
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Figure 25: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 3˚ specimen misalignment 
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Figure 26: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (1) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 5˚ specimen misalignment 
-1800
-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
-15000 -10000 -5000 0
Strain (microstrain)
St
re
ss
 
(M
Pa
)
front strain gauge
rear strain gauge
 
  251
Figure 27: Compressive stress-strain graph for front and rear strain gauges of a 2 mm 
parallel sided specimen (2) (for a 10 mm thick pressure plate) using 3M-Scotchweld 
adhesive for IM7/8552 with a 5˚ specimen misalignment 
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Waisted specimens 
 
Figure 28: Compressive stress-strain curves for specimen 1 from a 10mm thick 
laminate, circular waisted on all four surfaces to residual dimensions 6x6mm for 
T300/914 
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Figure 29: Compressive stress-strain curves for specimen 2 from a 10mm thick 
laminate, circular waisted on all four surfaces to residual dimensions 6x6mm for 
T300/914 
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Figure 30: Stress strain graph for s-shape profile specimen (2) for a waisted length of 
40 mm and a minimum width and thickness of 6 mm, waisted on 4 surfaces from a 10 
mm thick laminate, T300/914 
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Figure 31: Stress strain graph for s-shape profile specimen (1) for a waisted length of 
70 mm and a minimum width and thickness of 10 mm, waisted on 4 surfaces from a 
14 mm thick laminate, T300/914  
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Appendix 4: Failed specimens 
 
Photographs of further failed specimens not included in the main chapters. 
 
Figure 1: 2 mm thick reverse chamfer T300/914 specimens with end tabs bonded 
using 3MScotchweld 
 
 
 
Figure 2: 2 mm thick reverse chamfer T300/914 specimens with end tabs bonded 
using 3M-Scotchweld and carbon fibre end tabs 
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Figure 3: 2 mm thick reverse chamfer IM7/8552 specimens manufactured using a 10 
mm thick pressure plate 
 
 
 
Figure 4: 6 mm thick reverse chamfer IM7/8552 specimens 
 
 
 
Figure 5: 10 mm thick reverse chamfer IM7/8552 specimens 
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Figure 6:  1˚ fibre misaligned specimens, 2 mm thick, IM7/8552 
 
 
Figure 7: 3˚ misaligned specimens, 2 mm thick, IM7/8552 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  257
Figure 8: Circular waisted width and thickness with a minimum gauge section of 2 
mm (thickness) by 6 mm (width), T300/914 
 
Figure 9: Circular width only waisted with a minimum gauge section of 6 mm by 6 
mm, T300/914 
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Figure 10: Circular waisted width and thickness with a minimum gauge section of 6 
mm by 6 mm, waisted down from 10 mm by 10 mm cross section, non end tabbed 
specimens, T300/914 
 
Figure 11: Circular waisted width and thickness with a minimum gauge section of 10 
mm by 10 mm, waisted down from 14 mm by 14 mm cross section, non end tabbed 
specimens, T300/914 
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Appendix 5: Data from tensile testing of woven 0/90 and 
+45/-45 E-glass/epoxy 
0/90 woven E-glass/epoxy 
Table 1: Tensile strength specimen dimensions for E11, E22 and v12 measurements 
8 Specimen 9 Width (mm) 10 Thickness 
(mm) 
11 1 12 25.07 13 1.49 
14 2 15 25.12 16 1.52 
17 3 18 25.10 19 1.52 
 
 
 
Figure 1: Stress vs longitudinal strain for 0/90 woven E-glass/epoxy, 1 
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Figure 2: Transverse strain vs longitudinal strain for 0/90 woven E-glass/epoxy, 1 
V12 1
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Figure 3: Stress vs longitudinal strain for 0/90 woven E-glass/epoxy, 2  
E11 2
0
10
20
30
40
50
60
70
80
90
0 500 1000 1500 2000 2500 3000 3500
Longitudinal strain (microstrain)
st
re
ss
 
(M
Pa
)
 
 
 
  261
Figure 4: Transverse strain vs longitudinal strain for 0/90 woven E-glass/epoxy, 2 
v12 2L
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Figure 5: Stress vs longitudinal strain for 0/90 woven E-glass/epoxy, 3 
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Figure 6: Transverse strain vs longitudinal strain for 0/90 woven E-glass/epoxy, 3 
v12 3
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Figure 7: Stress vs longitudinal strain for 0/90 woven E-glass/epoxy, 5  
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Figure 8: Transverse strain vs longitudinal strain for 0/90 woven E-glass/epoxy, 5 
v12 5
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Figure 9: Stress vs longitudinal strain for 0/90 woven E-glass/epoxy, 6 
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Figure 10: Transverse strain vs longitudinal strain for 0/90 woven E-glass/epoxy, 6
  
v12 6
-600
-500
-400
-300
-200
-100
0
0 500 1000 1500 2000 2500 3000 3500
Longitudinal strain (microstrain)
Tr
an
sv
er
se
 
st
ra
in
 
(m
ic
ro
st
ra
in
)
 
 
+45/-45 woven E-glass/epoxy 
 
Table 2: Tensile strength specimen dimensions for in-plane modulus measurements 
 
 
 
 
 
 
 
 
 
 
 
 
20 Specimen 21 Width 
(mm) 
22 Thickness 
(mm) 
23 8 24 25.05 25 1.53 
26 10 27 25.13 28 1.54 
29 11 30 25.16 31 1.53 
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Figure 11: Stress vs shear strain for +45/-45 woven E-glass/epoxy, 8 
8: G12
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Figure 12: Stress vs shear strain for +45/-45 woven E-glass/epoxy, 10 
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Figure 13: Stress vs shear strain for +45/-45 woven E-glass/epoxy, 11 
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Figure 14: Stress vs shear strain for +45/-45 woven E-glass/epoxy, 12 
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Appendix 6: Conversion of Bolt Torques 
 
Calculation for converting torque loads to axial loads: 
 
The torque applied to the clamping screws was converted to axial load using the 
following equation: 
( )ϕα += tanPrM               Equation 
0-1[82] 
Where: 
M = Moment  
P = Axial load 
r = radius of bolt 
( ) 





==
−−
r
npL
pi
α pi 2
tantan 12
1
                                                                    Equation 0-2 [82] 
n = multiplicity of thread 
p = pitch 
µϕ 1tan −=  
µ = material property of bolt 
L = Lead = advancement per revolution. 
So for a 5 Nm toque: 
M = 5 x 1000 = 5000 Nmm 
r = 9.525/2 = 4.763 mm 
p = 1.27 mm 
n = 1 
µ = 0.13 from data from MHH Engineering [ix.] 






××
×
=
−
63.42
27.11
tan 1
pi
α  






=
−
09.29
27.1
tan 1α  
α = 2.499 
( )13.0tan 1−=ϕ  
φ = 7.40 
So using equation 1 
( )4.7499.2tan763.45000 +××= P  
P = 6015 N 
The same process was used for a torque of 10 Nm the axial P is = 12104 N  
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Appendix 7: Buckling Analysis 
 
Buckling check for specimens with a rectangular cross section, parallel sided and a 
gauge length of 10 mm: 
 
The critical buckling stress crσ is given by 
2
22
12l
EtC
cr
pi
σ =  
 
 
Where E is the Young’s modulus in the fibre direction, C is the coefficient of 
constraint, t is the thickness of the column and l is the length of the column. C is 
assumed to be 1. 
 
Table 1: Critical buckling stress for different parallel sided specimen thicknesses 
Thickness (mm) 
crσ (MPa) 
2 4243.9 
6 38195.4 
10 106098.2 
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Buckling check for 3rd order polynomial design with a 70 mm waisted length, waisted 
only in the specimen width direction with a minimum width of 9 mm: 
An eigen value analysis in LS-Dyna showed that buckling would occur at time t=2.8s. 
Since the average longitudinal stress in the gauge section reached 1500 MPa at time 
t=0.025s, the specimen would fail by fibre kinking before the onset of buckling.  
 
Figure 1: First 5 buckling modes for width waisted cubic design with a 70 mm 
waisted length and minimum width of 9 mm 
 
(1)  Freq 1018.5                     (2)   Freq 3112.6               (3) Freg 3553.8 
 
 
(4) Freq 3670.4                  (5) Freq 4250.4 
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Buckling check for s shape design with a 40 mm waisted length, waisted in the width 
and thickness direction with a minimum cross section of 6 mm x 6 mm: 
An eigen value analysis in LS-Dyna showed that buckling would occur at time t=2.0s. 
Since the failure criteria code predicted initial fibre kinking failure at time t=0.0135s, 
the specimen would fail by a valid failure mode before the onset of buckling. 
 
Figure 2: First 5 buckling modes for s shape design with a 40 mm waisted length and 
minimum width and thickness of 6 mm 
(1) Freq 1993.8                     (2) Freq 3789.9                   (3) Freq 4550.8 
           
 
(4) Freq  4909.6                    (5) Freq 5531.6 
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Appendix 8: Engineering drawings of the ICSTM fixture 
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Appendix 9: Final comments from the internal examiner 
 
 
I am still concerned with a number of issues including the damping, in which you just 
state a stiffness keyword code with no further information or plots to indicate stability 
is confirmed, and why mass damping was not used it is not clear, as stiffness damping 
can only critically damp one frequency. Some of the Figures are still poor as well. 
 
The method of bolt preload is still of concern as bolts are designed to apply a load via 
a force not displacement, this allows the bolts to relax as the specimen is loaded, a 
displacement boundary condition cannot relax. This is why they are used for fatigue 
dominated  problems, or pressure vessels. You calculate the preload in appendix 6, 
this is just converted to a equivalent thermal strain in the model. 
 
